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 In this thesis, the reactivity of manganese carbonyl complexes 
with various small molecules was studied using spectroscopic 
techniques. In Chapter 1, an introduction to the use of transition metals 
complexes in small molecule activation was presented. The ability of 
the complexes to adopt various oxidation states and coordination 
modes, as well as their photochemistry and spectroscopic 
characterization, is key to the study of the Mn complexes, namely 
CpMn(CO)3 and Mn2(CO)10. Computational chemistry is used to 
support the experimental results obtained throughout this dissertation. 
 The reactivity of CpMn(CO)3 in the activation of OH bonds in 
alcohols was explored in Chapter 2. Photogenerated 
CpMn(CO)2(CH3OH) was found to react with oxygen, 1,1-diphenyl-2-
picrylhydrazyl radical or H2O2 to give the radical complex of 
CpMn(CO)2(CH3O), as supported by magnetic susceptibility studies, 
NMR and IR spectroscopic studies. DFT computational studies were 
employed to understand the weakening of the O-H bond. NBO spin 
analysis suggested that the bond weakening was due to the transfer of 
the single electron from the O atom to the Mn atom. 
 In Chapter 3, the stoichiometric generation of hydrogen 
peroxide and hydrogen was observed upon photolysis of CpMn(CO)3 
in a hexane/water biphasic system, as supported by various chemical 
assays and mass spectrometric studies. The main decomposition 
ix 
 
pathway of CpMn(CO)3 is the protonation of the Cp ring to CpH  as 
evident by the formation of CpH complexes. 
 The photoreactivity of Mn2(CO)10 with water was evaluated in 
Chapter 4. Stoichiometric production of H2 was observed along with 
HMn(CO)5 production. HMn(CO)5 is proposed as the key intermediate 
in this reaction as the production of H2 correlated well with the 
concentration of HMn(CO)5 observed. 
 Finally, in Chapter 5, halide binding is tested on CpMn(CO)2L 
complexes, where L = 4-hydroxypyridine, 3-hydroxypyridine, 3,5-
dimethylpyrazole or imidazole. These ligands possess OH and NH 
groups for anion binding. ESI-mass spectrometric and IR 
spectroscopic studies are used to study the halide binding. DFT 
computational studies were used to model the proposed halide binding 
on the ligand, showing agreement with the IR spectroscopic data 
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1.1 Small Molecule Activation 
Small molecules are defined as molecules consisting of two to four 
atoms, such as CO, N2, H2O, O2, CO2 and H2. Certain small molecules, such as 
H2 and O2, are wells of chemical energy as they often take part in  
significantly exothermic reactions. As a result, processes that allow the 
production and utilization of this stored energy would be invaluable towards 
sustainable development. However, such molecules possess significant 
thermodynamic stability and kinetic barriers have to be overcome [1]. For 
example, harsh conditions (150–250 bar and 300-550 °C) employed during the 
industrial activation of N2 to NH3 in the Haber-Bosch process make it energy-
demanding, at more than 1% of the world’s energy consumption [2]. Hence, a 
reaction that can efficiently activate N2 using milder conditions would be 
highly desirable. 
The utility of transition metal complexes in bond activation is 
primarily due to the existence of open coordination sites along with filled and 
vacant valence orbitals, of moderate energy gaps [3]. This is evident through 
the use of transition metal complexes as catalysts in industrially important 
processes. One such example is the hydroformylation of alkenes, also known 
as oxo synthesis, in which a formyl group and a hydrogen atom are introduced 
into the unsaturated alkene bond. This process involves transition metal 
catalysts, such as HCo(CO)4 or HRh(CO)(PPh3)3 [4, 5]. Important metal-
centered mechanistic steps such as ligand coordination, oxidative addition, 
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migratory insertion and reductive elimination are believed to take place, 
leading to the desired products [6] (Scheme 1.1). 
Scheme 1.1 Catalytic cycle for the hydroformylation of ethene, catalyzed by 




The presence of transition metals in enzymes that facilitates the natural 
activation of small molecules further demonstrates the importance of these 
metals in such processes. One of the most extensively studied nitrogenases for 
biological nitrogen fixation has been found to comprise two component 
metalloproteins, the Fe-protein and the MoFe-protein [7]. These two proteins 
play the roles of electron-donating site and substrate-reducing site 
respectively. Another example is that of manganese which is found in the 
water-oxidizing complex vital to the oxygen production from water in 
photosynthesis and several other synthetic manganese-oxo complexes have 
been reported to oxidise water in the presence of oxidizing agents such as 
KHSO5, Ce(IV), and Na2S2O8 [8]. One such example (Scheme 1.2) is that 
studied by Åkermark et al. [9]. The metal complex has been reported to 
catalytically produce oxygen from water, in the presence of a photosensitizer, 
Ru(2,2’-bipyridine)3, and sacrificial oxidant, Na2S2O8. Undoubtedly, the 
ability of the transition metal compounds to coordinate to small molecules and 
alter their molecular and electronic structures makes them excellent candidates 
for the activation of small molecules. 
Scheme 1.2 An example of manganese-oxo complexes that can act as water 




1.2 Photochemical Water-splitting 
One of the most engaging challenges faced in chemistry is in achieving 
environmetally sustainable chemistry and of particular interest is the activation 
of H2O. With more calls for green and clean chemistry, efforts are geared 
towards photochemical water-splitting into hydrogen and oxygen [10]. The 
main difficulty in the splitting of water lies in the high enthalpy of the O-H 
bonds but this unsurprisingly makes hydrogen a highly desirable clean fuel. 
Nevertheless, many examples of O-H bond activation do exist [11-14]. In one 
such example Nocera et al. constructed an ‘artificial leaf’ system which 
consisted of a triple-junction amorphous silicon solar cell, a cobalt-phosphate 
as the oxygen-evolving catalyst and a ternary alloy of nickel, molybdenum and 
zinc as the hydrogen-evolving catalyst [11]. This system demonstrated solar 
water splitting at solar-to-fuels efficiency of 4.7%, much higher than that 
exhibited by the natural photosynthesis of plants. 
As one of the earliest examples for direct photochemical water splitting 
[15], titanium oxide has received much attention for its activity towards 
photosplitting of water into H2 and O2 [16]. However, its use has been 
hampered by low efficiencies in the visible region due to a large band gap, the 
recombination of photo-generated electron/hole pairs and the backwards 
reaction between hydrogen and oxygen. In order to improve the efficiency of 
the photosplitting, efforts have been made to circumvent these deficiencies by 
various means, such as the addition of electron donors and dye sensitization.  
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In a recent example of visible-light photo-splitting of water by Amal et 
al. [17], a H2-evolving photocatalyst (Ru/SrTiO3:Rh) was coupled to an O2-
evolving photocatalyst (BiVO4) through the use of a photoreduced graphene 
oxide (PRGO) as a solid electron mediator (Scheme 1.3). In addition, the 
photoreduced graphene oxide provides the means for the recovery of the 
photocatalyst and reclamation of clean water while providing low-resistance 
pathways for shuttling electrons between the photocatalysts. This system 
demonstrated a turnover number of 3.2 over 24 hours for the splitting of water 
into H2 and O2.  
 
Scheme 1.3 Mechanism of water splitting in a Z-scheme photocatalytic system 
consisting of Ru/SrTiO3:Ph and PRGO/BiVO4 under visible-light irradiation. 
Taken from [17]. 
 
1.3 Metal Carbonyl Compounds 
Metal carbonyl complexes are compounds consisting of a transition 
metal center with coordinated carbon monoxide (CO) ligands. These 
 7 
 
compounds can undergo a variety of reactions as illustrated in Scheme 1.4. 
The carbonyl ligand can be substituted by Lewis bases, olefins and arenes [18] 
while the remaining CO ligands tend to be more stable against further 
oxidation or thermal decomposition. Other reactions involving CO ligands on 
metal carbonyls include nucleophilic addition [19], disproportionation [20] 
and oxidative decarbonylation [21]. Hence, metal carbonyl compounds are 




Scheme 1.4 Reactions of metal carbonyl complexes. 
 
Carbonyl groups are also useful probes for the determination of 
electronic and molecular structures of metal carbonyls by spectroscopic 
methods. Particularly, infrared spectroscopy provides valuable information on 
the structure and bonding of metal carbonyls. Thus, their reactions can be 
monitored and in certain cases, spectra of reactive intermediates may be 
obtained as well.  
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Transition metal carbonyl compounds absorb IR radiation in a distinct 
wavenumber region of 1800 – 2100 cm-1 that is free of most organic carbonyl 
absorptions. This makes IR spectroscopy a main tool for reactivity studies of 
metal carbonyls. Furthermore, the historical use of IR spectroscopy in the 
characterization of many metal carbonyl compounds allows for the 
identification of new carbonyl species or intermediates by comparing to 
literature values of well-known compounds [22]. The use of intensity patterns 
along with group theory paints a picture of the geometry involved, while the 
wavenumbers give a hint of the electron density present at the metal [23-26] as 
the amount of π-backbonding into the CO ligands is reflected by the extent of 
blue or red-shifting of the CO stretching peaks. For example, the various 
bridging modes adopted by the metal complex can be inferred from the CO 
stretching peaks, as exemplified by the reactions of cyclopentadienyl iron 
dicarbonyl dimer [27], [CpFe(CO)2]2 (Scheme 1.5).  





[CpFe(CO)2]2 has both μ2-bridging and terminal CO but upon reaction 
with bromine, new peaks solely due to the terminal CO of CpFe(CO)2Br [28] 
are observed. On the other hand, [CpFe(CO)2]2 can be decomposed by heat in 
refluxing xylene to give the cuboidal cluster [CpFe(CO)]4 [29], for which the 
IR spectrum can be used to indicate the presence of μ3-bridging CO ligands. 
UV-Vis absorption spectroscopy allows the electronic structures of 
metal carbonyls to be examined. The main electronic excitations (Scheme 1.6) 
for studying metal carbonyl complexes are metal-ligand charge transfer 
(MLCT) [30], ligand-metal charge transfer (LMCT) [31], ligand-field 
transition (LF) [32] and intraligand transition (IL) [33].   
Scheme 1.6 Different electronic transitions in metal carbonyl complexes. 




According to the Franck-Condon principle, electronic excitations are 
often accompanied by vibrational excitations if the structure of the excited 
state differed significantly from that of the ground state [34]. The 
photochemistry of metal carbonyl compounds involves such transitions, where 
the absorption of a photon to an excited state often leads to a changed 
molecular and electronic structure, as well as a chemical reactivity that differs 
from the ground state. The ability of this excited state to take part in a reaction 
is directly related to its lifetime and this involves an examination of the 
relaxation rates due to the various quenching processes such as luminescence 
and radiationless deactivation. If the metal carbonyl complex is able to survive 
long enough, it can undergo reactions such as CO substitution and metal-metal 
bond homolytic cleavage.  
 
1.3.1 Cyclopentadienyl Manganese Carbonyl, CpMn(CO)3 
Cyclopentadienylmanganese tricarbonyl, CpMn(CO)3, belongs to the 
class of cyclopentadienyl metal carbonyls, consisting of transition metals with 
at least one CO group and one cyclopentadienyl (Cp) ring. The 
characterization of such compounds and their derivatives are carried out via IR 
spectroscopy of the CO ligand and the NMR spectroscopy of the Cp ring. 
CpMn(CO)3 can be conveniently prepared via the reactions of either 
cyclopentadienide salts with manganese carbonyl halides or cyclopentadiene 




Scheme 1.7 Synthetic route to CpMn(CO)3 
 
The solid-state structure of CpMn(CO)3, as determined using X-ray 
crystallography [38], is classically described as a half-sandwich structure 
(Figure 1.1). The reactivity of CpMn(CO)3 is well-studied as it is one of the 
earliest organometallic manganese compounds prepared. It is also aided by its 
high solubility in most common organic solvents and stability towards air and 
water.  
 
Figure 1.1 Half-sandwich structure of CpMn(CO)3. 
 
The stability of CpMn(CO)3 can be attributed to its high Mn-CO bond 
enthalpy, which has been established to be about 46.7±1.7 kJ/mol by time-
resolved photoacoustic calorimetry [39]. Furthermore, the closely-related 
methylcyclopentadienyl manganese tricarbonyl, Cp’Mn(CO)3 has found use as 
a substitute for lead in automobile fuel compositions to enhance the antiknock 
performance [40]. The reactivity of CpMn(CO)3 can be categorized into two 
main reactions: first the functionalization of the Cp ring and second, the 
substitution reaction of the CO ligand. 
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The range of substitution reactions at the Cp ring of CpMn(CO)3 
matches that of ferrocene and using AlCl3, the Friedel-Craft acylation of the 
Cp ring affords the acetylcyclopentadienyl manganese tricarbonyl complex 
[41, 42]. The use of potassium tert-butoxide on methylcyclopentadienyl 
manganese tricarbonyl and n-butyl lithium on cyclopentadienyl manganese 
tricarbonyl has also been successfully applied to various syntheses of 
CpMn(CO)3 with pendant side chains on the Cp ring [30-50]. 
Scheme 1.8 Reactions of the Cp ring on CpMn(CO)3. Taken from [44], [45] 
and [49]. 
 
The chelate formation of such side chains has recently been the subject 
of femtosecond organometallic photochemistry, which unveils much details 
about the chelation kinetics [48]. The derivatization of the Cp ring coupled 
with the decomplexation of the derivatized Cp ring via protonation by protic 
solvents has also been shown to be a possible synthetic route to derivatized 
CpH, which is useful for making polyfunctional molecules such as 
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ethynylestradiol [49]. In a recent paper, the amino-acid functionalization on 
the Cp ring has also been studied for Mn, Re and 
99m
Tc complexes [50]. The 
compounds synthesized (Scheme 1.9) achieved a good structural match with 
phenylalanine and has demonstrated active transport into tumor cell lines by 
an amino acid transporter 1 (LAT1). This particular transporter has been 
shown to be overexpressed in many tumor cell lines [51], opening up potential 
applications for cancer imaging and therapy.  
 
Scheme 1.9 CpMn(CO)3 derivatives recognized by recognized by LAT1. 
 
Ligand substitution of its carbonyl groups on CpMn(CO)3 constitutes a 
large part of CpMn(CO)3 chemistry. For most purposes, the substitution of the 
carbonyl ligand is photochemically induced since the strong Mn-CO bond 
renders thermal processes inefficient. However, direct substitution of ligands 
is often plagued with low yields [52] associated with photodecomposition of 
the substituted complex. Instead, a more favorable route involves CpMn(CO)3 
undergoing photochemical CO substitution by THF, acting as the solvent as 
well, to form CpMn(CO)2THF [53] before the ligand of interest is introduced. 
For instance (Scheme 1.10), N2 can be bubbled through a solution of 
CpMn(CO)2(THF) to form a CpMn(CO)2N2complex [54]. This complex can 
be then reacted with phenyllithium and H
+




Scheme 1.10 Synthesis of CpMn(CO)2(THF) and subsequent reaction to give 
CpMn(CO)2(N2) and CpMn(CO)2(PhN=NH). 
The ability of the CpMn(CO)2 moiety to bind molecules has also 
allowed the investigation of the bond strength of Mn-alkane in various 
CpMn(CO)2(alkane) species [56-58]. Time-resolved IR absorption 
spectroscopy has been employed to observe the photolytically generated 
intermediate CpMn(CO)2(cyclohexane) and its substitution reactions with 
THF, furan and cyclopentene [58]. As the results obtained were consistent 
with both dissociative and associative mechanism, the 
CpMn(CO)2(cyclohexane) substitution mechanism is still considered to be 
ambiguous. However, based on the lack of strong dependence of the activation 
energy on the ligand, a dissociative interchange mechanism was determined to 
be most consistent with the result and a lower limit of 34±3 kJ/mol was 
obtained for the bond dissociation enthalpy of the CpMn(CO)2-cyclohexane 
bond [58]. 
 
1.3.2 Dimanganese Decacarbonyl, Mn2(CO)10 
Since the discovery of Mn2(CO)10 from the carbonylation of MnI2 and 
a Grignard reagent [59], it is considered to be one of the most important 
compounds in the study of the organometallic chemistry of manganese mainly 
due to its role as a precursor for numerous manganese carbonyl compounds. 
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Apart from the carbonylation of Mn atoms generated in-situ from the 
reduction of Mn
II
 salts [60], Mn2(CO)10 can also be synthesized via the 
reduction of methylcyclopentadienyl manganese tricarbonyl by sodium under 
CO pressure in diglyme or benzene [61].  The solid-state structure of 
Mn2(CO)10 (Figure 1.2) was studied using X-ray crystallography and can be 
described as two staggered Mn(CO)5 subunits bonded by a single Mn-Mn 
bond with a overall point group symmetry of D4d [62]. This structure is in 
agreement with IR spectroscopic analysis. 
 
Figure 1.2 Structure of Mn2(CO)10 comprising of two Mn(CO)5 in a staggered 
conformation. 
 
The range of reactions (Scheme 1.11) that Mn2(CO)10 can carry out 
includes carbonyl substitution, reaction at the carbonyl ligands, insertion into 
the Mn-Mn bond, Mn-Mn bond cleavage, reduction and oxidation [63].  
Scheme 1.11 Reactions of Mn2(CO)10. 
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Primarily, the thermal or photochemical reaction of Mn2(CO)10 with 
solvents that are themselves good donor ligands such as pyridine leads to 
disproportionation into an ionic complex of the formula [Mn(L)6][Mn(CO)5]2 
[64]. In non-donating solvents, ligands such as triphenylphosphine can react to 
form a mixture of Mn2(CO)8(PPh3)2 and Mn2(CO)9PPh3 [65]. The ability to 
bind more than one phosphine ligand has also been applied to the synthesis of 
Mn2(CO)8(diphosphine) complexes, where the bidentate diphosphine can 
coordinate either individually in an μ2-κ1:κ1 bridging fashion onto each of the 
two Mn [66] or in an κ2 manner onto one single Mn center [67]. 
It has been noted that photoexcitation to the lowest excited singlet state 
(σ→σ* transition) decreases the Mn-Mn bond order to zero, resulting in a 
dissociation into Mn(CO)5 radicals but carbonyl loss proceeds concurrently to 
give Mn2(CO)9 [68]. As the wavelengths shorten from 350nm to 193nm, the 
branching ratio of [Mn(CO)5]/[Mn2(CO)9] decreases to a point where only  
Mn2(CO)9 was detected [69]. As such, most photochemical reactions in the 
visual region involving Mn2(CO)10 make use of the photoproduction of 
Mn(CO)5 radicals. One such example is the use of Mn2(CO)10 as a catalytic 
photoinitator of living radical polymerizations [70-72]. Dimanganese 
decacarbonyl and its derivatives are also well-studied for their catalytic 
activity towards hydrosilylation of various substrates [73-76]. For example, 
Mn2(CO)10 catalyses the hydrosilylation reactions of 1-hexene with tertiary 
silanes (Scheme 1.12) at a turnover number of 20 [77]. Although it is less 
efficient catalyst than Co2(CO)8, Mn2(CO)10 was found to exhibit more 
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selective hydrosilylation as it does not catalyse the isomerization of 1-hexene 
to 2-hexene or 3-hexene. 
 
Scheme 1.12 Hydrosilylation of alkene with tertiary silanes by Mn2(CO)10. 
 
One of the derivatives of manganese carbonyl is the pentacarbonyl 
manganese hydride, HMn(CO)5. It has been shown that HMn(CO)5 can be 
synthesized by hydrogenation of Mn2(CO)10 using Co2(CO)8 as a catalyst [78] 
while oxygen is capable of decomposing HMn(CO)5 back to Mn2(CO)10 [79]. 
Thus, HMn(CO)5 presents itself as a possible intermediate for hydrogen 
production for any potential water activation reactions catalyzed by 
Mn2(CO)10 or its derivatives. The reactivity of HMn(CO)5 has also been 
studied mainly as an hydrogen-atom transfer reagent in the hydrogenation of 
conjugated alkenes [80]. The phosphine-substituted HMn(CO)4(PPh3) has 
been shown to catalyse the isomerization of 1-octene to 2-octene, along with 




Scheme 1.13 Isomerization and hydrogenation of α-alkene by catalyzed 
HMn(CO)4(PPh3) under photochemical conditions. 
The isomerization of 1-octene was facilitated by the insertion of the alkene 
into the Mn-H bond and subsequent β-hydride elimination of the alkyl 
complex. 
 
1.4 Computational Organometallic Chemistry  
The proliferation of computer simulation and modeling, as applied to 
organometallic complexes, can be attributed to the extensive accessibility of 
powerful, yet inexpensive computers and graphics-based modeling tools such 
as GAMESS, Gaussian, Jaguar and MOLPRO. The general challenge in 
computational chemistry lies in achieving an optimal balance between 
computational cost and accuracy of the calculation. Thus, for every 
calculation, the most important parameters are the treatment of electron 
correlation and basis-set completeness, as they ultimately determine the speed 
and accuracy obtained for the calculation. Besides these, conformational 
complexity in the organic ligands, spin multiplicity, geometric, structural and 
coordination isomerism make the task of obtaining the correct structure more 
complicated. 
Of the numerous approaches towards the treatment of electron 
correlation, density functional theory (DFT) has recently received much 
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attention and utilization in the field of computational organometallic chemistry 
as DFT provides a computationally cost-effective solution for the problem of 
electron correlation. DFT involves a reformulation of the Hamiltonian Ĥ, in 
the Schrödinger wave equation Ĥψ = Eψ, to incorporate the effects of electron 
correlation neglected in the HF Hamiltonian [82]. DFT methods scale more 
favorably with basis-set size, on the order of N
3–4
, where N is the number of 
basis functions. Thus, doubling the number of basis functions produces only 
an order of magnitude increase in the computational time, compared to 
multiconfiguration techniques which typically yield at least two orders of 
magnitude increase in computational time.  
The relevance of computational chemistry to organometallic chemistry 
is evident in their applications in the prediction of ESR properties of metal 
complexes [83], time-resolved X-ray crystallography of metal complexes [84], 
surface spectroscopy [85] and photofragment spectroscopy [86]. 
Computational methods have also been applied to the calculation of bond 
energetics, which lends much support to experimental data [87, 88]. For 
example, the displacement of η2-coordinated arenes from a cyclohexane 
solution of photogenerated CpMn(CO)2(η
2
-arene), by pyridine was 
investigated through time-resolved IR spectroscopy [88]. Under the 
experimental conditions studied, Bengali et al. proposed an initial interchange 
(Scheme 1.14) between the cyclohexane (CyH) and arene complexes before 




Scheme 1.14 Proposed mechanism for the displacement of arene from 
CpMn(CO)2(arene) by pyridine (CyH = cyclohexane). Taken from [88]. 
 
The experimental results showed that the substitution proceeds via a 
dissociate mechanism and relative rates of the substitution exhibited by 
different arenes such as benzene, toluene, xylene and mesitylene were 
consistent with the DFT calculations conducted on the substitution of these 
complexes. The calculation also indicated that mesitylene was less likely to 
adopt an η2-arene coordination to the metal center due to an unfavorable steric 
interaction. 
Another important use of computational chemistry is in the prediction 
and modeling of intermediates and transition states in mechanistic discussions, 
especially pertaining to catalytic reactions [89]. An example is the Cativa 
Process, which describes the carbonylation of methanol to acetic acid 
catalyzed by a [Ir(CO)2I2Me] complex [90]. The study focused on the 
evaluation of the mechanism of the catalyzed reaction and the effects of 
promoter compounds such as Ru(CO)3I2 and InI3. These promoter compounds 





acting as iodide acceptors to generate the active catalyst [Ir(CO)2I2Me]. Ab 
initio calculations (Scheme 1.15) indicated a more facile methyl migration in 
[Ir(CO)2I2Me] than [Ir(CO)2I3Me]
-
, supporting the assignment of 
[Ir(CO)2I2Me]  as the catalyst.  
Scheme 1.15 Optimized structures for stationary points on the reaction 
coordinate for migratory CO insertion in [Ir(CO)I3(COMe)]
-
, and 
[Ir(CO)2I2Me], and the respective activation energies (ΔE
‡
) and enthalpies for 
migratory insertion (ΔEmig). Taken from [90]. 
 
1.5 Objectives of the study 
The main aim of the project was to study new ways to activate various 
molecules using manganese carbonyl complexes and its derivatives, preferably 
under mild conditions or by photochemical means. The work can be 
categorized into four parts. 
The first part focused primarily on a study of activation of small 
molecules primarily by CpMn(CO)3. The aim was to study the effect of the 
coordination of small molecules on cyclopentadienyl metal centers. The scope 
ΔE‡ = 149.0 kJ/mol   
ΔEmig = 46.2 kJ/mol   
ΔE‡ = 102.1 kJ/mol   












of the study involved (1) the photochemical substitution reactions of alcohols, 
amines and thiols with CpMn(CO)3 and (2) H-atom abstractions of 
CpMn(CO)2L complexes. Subsequently, an evaluation of H-X bond 
weakening, where X is N, O or S, upon coordination to CpMn(CO)3 was 
performed through computational methods and NBO spin analyses were also 
conducted to quantify the spin delocalization onto the metal center. Similar 
computational studies of the activation of small molecules by other 
cyclopentadienyl metal carbonyls were conducted.  
The second part focused on the activation of water with CpMn(CO)3 
using photochemical methods and the determination of its intermediates. The 
aim was to extend the study on the bond-weakening of O-H bond by 
CpMn(CO)3 to water and determine the reaction products that were generated 
before elucidating a possible mechanism for the activation of water. The scope 
of the study involved (1) FTIR and NMR spectroscopic analysis of the 
photolytic mixture to ascertain the presence of any manganese carbonyl 
complexes, (2) mass spectrometric analysis of the headspace content to 
quantify the H2 production, (3) deuteration studies to confirm the source of the 
H2 and (4) chemical analysis to account for the overall stoichometry of the 
reaction. 
The third part of this study focused on the activation of water by 
Mn2(CO)10. The aim is to extend the photochemical activation of water to 
other Mn complexes such as Mn2(CO)10 and study the similarities and 
differences between the two systems. The scope of the study involved (1) 
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FTIR and NMR spectroscopic analysis of the photolytic mixture to study the 
resultant manganese carbonyl complexes, (2) mass spectrometric analysis of 
the headspace content to determine the amount of H2 produced, (3) deuteration 
studies to establish the source of the H2 and (4) chemical analysis to account 
for the overall stoichometry of the reaction.  
The final part focused on the use of CpMn(CO)2L complexes as an IR-
active halide sensing molecule, where L is 4-hydroxypyridine, 3-
hydroxypyridine, 3,5-dimethylpyrazole or imidazole. This study aims to study 
the feasibility of transition metal complexes in the field of anion binding and 
the effect on the metal complex upon anion binding. The scope of the study 
involves (1) photochemical synthesis of CpMn(CO)2L complexes using 
CpMn(CO)2THF, (2) IR spectroscopic studies upon addition of anions, (3) ESI 
mass spectrometric analysis of the halide binding and (4) computational 
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O-H bond weakening in CpMn(CO)2(CH3OH) : 
Generation of the CpMn(CO)2(CH3O) radical upon H 




Transition metal carbonyl radicals have been the subject of intense 
studies over the years [1-6]. In particular, 17-electron metal carbonyl species 
[7-13] such as CpM(CO)nL [M = Fe, Mo, W; n = 2, 3; L = CO, PR3] and 
M(CO)5 (M = Mn, Re) have been directly observed using time-resolved 
infrared spectroscopy via photolysis of their respective precursors [14]. The 
study of such radicals sheds light on their reactivities and provides valuable 
data on the metal-metal or metal-ligand bond energies of the precursors from 
which they are generated. Metal carbonyl radicals such as CpFe(CO)2 and 
Mn(CO)5 are believed to play a vital role in the Kharasch reaction of addition 
of halocarbons  to alkenes [15, 16] and as photoinitiators in polymerization 
processes [17, 18]. However the chemical lifetime of these radicals usually fall 
in the microsecond timescale [14], rendering their properties difficult to be 
characterized in detail. It is however noted that CpCr(CO)3 radical is long-
lived [19-23] and hence much more extensive work has been carried out on its 
reactivity and spectroscopy.  
There are other metal carbonyl radicals of lifetimes up to hours, 
notably the manganese thiyl CpMn(CO)2(RS) [24] and anilinyl 
CpMn(CO)2(ArNH) [25, 26] (Ar = arene) that are generated by oxidation of 
the thiol and amino-coordinated manganese carbonyl complexes respectively 
(Scheme 2.1). Because of the longer lifetimes, their magnetic, IR and ESR 





Scheme 2.1 Formation of radicals from CpMn(CO)2 complexes. 
 
In this work, the formation of the alkoxy radical analog, 
CpMn(CO)2(RO) from the oxidation of its alcohol complex, 
CpMn(CO)2(ROH), is reported. The spectroscopic properties of this much 
shorter lifetime manganese alkoxyl radical are compared to the previously-
reported thiyl and anilinyl analogs. In particular, a significant weakening of 
the O-H bond of aliphatic alcohols upon their coordination onto CpMn(CO)2 
is highlighted, for which support comes from both chemical oxidation and 
computational studies. Such studies would hopefully lead to a better 
understanding of how strong O-H bonds could be activated by metal carbonyl 





2.2.1 Materials and methods 
All chemicals were purchased from Sigma-Aldrich and used without 
further purification, unless otherwise noted. Chemicals used in the 
quantification were calibrated against their respective primary standards. 
1
H 
NMR spectra were recorded on a Bruker ACF300 spectrometer with chemical 
shifts referenced to their respective residual solvent peaks or TMS. Solution 
IR spectra were obtained on a Nexus 870 FT-IR spectrometer using a cell of 
0.1 mm path length equipped with CaF2 windows. All photolysis experiments 
were conducted using a Brilliant B pulsed laser (355nm, 20mJ/pulse, 10Hz). 
Magnetic susceptibility measurements were conducted using MSB-Auto 
magnetic susceptibility balance. Continuous wave X-band ESR spectra were 
obtained in a silica flat cell with a Bruker ELEXSYS E500 spectrometer using 
a variable-temperature Bruker liquid nitrogen cryostat. Natural Bond Orbital 
(NBO) spin density analyses with the NBO software version 3.1 [27] as 
implemented in Gaussian03 was performed with the b3lyp/6-31g* level of 
theory for the radical complexes and free radical ligands. Solutions were 
degassed thrice by freeze-pump-thaw using a rotary pump and liquid nitrogen 
to introduce a reduced-pressure environment and cooled to room temperature 





2.2.2 Synthesis of CpMn(CO)2(RNH2) 
5.0 mg CpMn(CO)3 (0.024 mmol) was dissolved in 2 cm
3
 THF before  
it was degassed in a glass apparatus (25 cm
3
 volume) and subsequently 
subjected to 15 minutes of photolysis. The resultant CpMn(CO)2(THF) 
solution was then degassed and frozen before 0.024 mmol amine was added. 
The mixture was degassed again and left to mix at room temperature in the 
dark for 15 minutes to afford the orange CpMn(CO)2(RNH2) solution. The 
solution was then studied without further purification. 
 
2.2.3 Synthesis of CpMn(CO)2(C12H25SH) 
5.0 mg CpMn(CO)3 (0.024 mmol) was dissolved in 2 cm
3 
THF before 
it was degassed in a glass apparatus (25 cm
3
 volume) and subsequently 
subjected to 15 minutes of photolysis. The resultant CpMn(CO)2(THF) 
solution was then degassed and frozen before 0.024 mmol thiol was added. 
The mixture was degassed again and left to mix at room temperature in the 
dark for 15 minutes to afford red CpMn(CO)2(C12H25SH). The solution was 






2.2.4 Synthesis of CpMn(CO)2(ROH) complexes and investigation of their 
reactions with air 
5.0 mg CpMn(CO)3 (0.024 mmol) was dissolved in 2 cm
3
 of ROH 
before it was degassed in a glass apparatus (25 cm
3
 volume) and subsequently 
subjected to 15 minutes of photolysis. The resultant red CpMn(CO)2(ROH) 
was then frozen immediately using a liquid nitrogen bath. The frozen red solid 
was allowed to thaw slowly until the first appearance of liquid was sampled 
for FTIR spectroscopic studies. The sampled solution was left in the CaF2 cell 
over time and sampled regularly to study the change in composition with 
prolonged exposure to air. 
For the reaction with 1,2-dihydroquinone, a freshly prepared solution 
of CpMn(CO)2(ROH) was frozen and 0.010 mmol of 1,2-dihydroquinone was 
added. The solution was degassed using freeze-pump-thaw and once the 
frozen mixture has thawed, the mixture is exposed to air for 30 minutes before 
it is dried and dissolved in CDCl3 for 
1
H NMR spectroscopic studies. 
 
2.2.5 In situ NMR spectroscopy of CpMn(CO)3 photolysis in CD3OD 
2.0 mg of CpMn(CO)3 (0.010 mmol) was dissolved in 0.5 cm
3
 of 
methanol-d4 in an in situ NMR tube equipped with a Young’s tap. The 
contents were degassed before it was photolysed for 15 minutes. The NMR 
spectrum of the photolytic mixture were obtained before and immediately after 
the vacuum was broken. Subsequently, the mixture was left to stand for 30 
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minutes, until the orange color of the radical complex has disappeared 
completely, and the NMR spectrum was obtained again. 
 
2.2.6 H atom abstraction reactions with DPPH and H2O2 
A freshly prepared solution of CpMn(CO)2L (where L = ROH, RNH2 
or RSH) was frozen before 0.010 mmol of DPPH or H2O2 was added. The 
mixture was degassed and subsequently monitored using IR spectroscopic 
studies. For reaction with DPPH, the respective solutions (solvent = THF for 
RNH2 and RSH; neat ROH for ROH) was dried and redissolved in CDCl3 
before 
1
H NMR spectroscopic studies were performed to ascertain the 
production of DPPH-H. 
 
2.2.7 PPh3 substitution reactions of CpMn(CO)2(CH3O) radical 
A freshly prepared solution of CpMn(CO)2(CH3O) was prepared and 
frozen before 20 mg of PPh3 solid was added to it. The glass apparatus was 
degassed and upon thawing, an IR spectroscopic analysis of the resultant 
orange solution indicated the production of CpMn(CO)2PPh3 at around 10% 






2.3 Results and Discussion 
2.3.1 Evidence for CpMn(CO)2(RO) radical complex formation  
The evidence for the formation of the orange CpMn(CO)2(RO) radical 
complex is first reported. The photolysis of CpMn(CO)3 resulting in Mn-CO 
bond dissociation (quantum yield = 0.65) [28] has been used in the presence of 
alcohols to form a series of CpMn(CO)2(alcohol) complexes. For example, a 
15-minute 355nm photolysis of 5 mg CpMn(CO)3 in 2 cm
3
 methanol at 
20mJ/pulse gives a red CpMn(CO)2(CH3OH) complex in about 60% yield. 
Upon exposure to oxygen, the red solution rapidly turns orange.  
FTIR spectra (Figure 2.1) of the red CpMn(CO)2(CH3OH) solution 
were recorded as it changes to orange after exposure to O2. Apart from 
CpMn(CO)3, two pairs of νCO bands have been detected. The first set (1925 
and 1850 cm
-1
) belongs to the red CpMn(CO)2(CH3OH) complex. Similar 




 = derivatized 
Cp ring) and CpMn(CO)2(THF) [30]
 
complexes. The second pair at higher 
wavenumbers (1934 and 2013 cm
-1
) has been assigned to the orange 
CpMn(CO)2(CH3O) radical complex because both peaks show up more 





Figure 2.1 (a) IR spectra of the product mixture upon photolysis of 
CpMn(CO)3 in neat methanol after varying periods (T) of exposure to air. 
Arrows indicate the relative changes in absorbance for peaks owing to the 
production of the radical species and the depletion of the coordination product. 
(b) Subtraction IR spectra for coordination product and subsequent radical 
product as a result of oxidation by air. 
 
From the time profile of the signals, the orange complex has an 
estimated lifetime of 10 to 20 mins in air after which some unidentified brown 
deposits are formed. The short lifetime may have precluded its detection 
Wavenumbers/cm-1 
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previously. The higher νCO wavenumbers are also consistent with the increase 
of the formal oxidation state of the Mn center from I to II. The addition of 
PPh3 into a solution containing the radical forms CpMn(CO)2(PPh3) [31], 
indicating that the preservation of the CpMn(CO)2 moiety in the radical 
complex. 
Other aliphatic alcohols react similarly upon CpMn(CO)3 irradiation to 
afford the corresponding CpMn(CO)2(ROH) and CpMn(CO)2(RO) radical 
complexes (Table 2.1), with the exception of sterically-hindered t-butylalcohol 
and triphenylmethanol. Their photolyses lead to the formation of the 
previously-observed CpMn(CO)2(
2
-CpH) [32] complex instead. As a further 
control, exposure of a CpMn(CO)2(THF) solution to oxygen does not lead to 
any new νCO signals. 
Table 2.1 νCO IR stretching frequencies of selected CpMn(CO)2(alcohol) 





a) Neat Alcohol 










Methanol 1925, 1850, 2013, 1934 1924s, 1848 2010s, 1934 
Ethanol 1926, 1851 2010, 1933 1924s, 1848 2009s, 1927 
2-Propanol 1927, 1853 2008, 1930 1924s, 1848 2004s, 1924 
2-Pentanol 1926,1853 2007, 1929 1924s, 1848 2001s, 1920 
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For comparison, CpMn(CO)2(PhNH2), CpMn(CO)2(CH3NH2) and 
CpMn(CO)2(C12H25SH) were prepared accordingly to literature methods [7,8] 
and IR spectroscopic data was obtained (Table 2.2). Upon O2 exposure, the 
production of previously-reported CpMn(CO)2(PhNH) and 
CpMn(CO)2(C12H25S) is indeed observed (Figure 2.2). The blue-shifting of 
νCO values for both CpMn(CO)2(C12H25S) and CpMn(CO)2(PhNH) radical 
complexes relative to their parent complexes is also noted, albeit to a smaller 
extent compared to CpMn(CO)2(CH3O), while CpMn(CO)2(CH3NH2) remains 
unaffected by O2. 
Table 2.2 Experimental νCO frequencies of selected CpMn(CO)2L complexes  
Entry L Experimental νCO (cm-1) Average Shift 
1 CH3OH 1850 1925
a
 86 
 CH3O· 1934 2013
a
 
2 C12H25SH 1865 1931
b
 53 
 C12H25S· 1919 1983
b
 
3 PhNH2 1845 1918
b
 52 
 PhNH· 1906 1962
b
 
4 CH3NH2 1839 1914
b
  





Figure 2.2 (a) IR spectrum of CpMn(CO)2(CH3NH2) in THF. (b) IR spectrum 
showing the CpMn(CO)2(PhNH2) in THF before and after exposure to air, 















(a) A: CpMn(CO)3 
1800 
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CpMn(CO)2(PhNH2) after exposure to air 
 












(c) IR spectrum of CpMn(CO)2(C12H25SH) in THF before and after exposure 
to air. 
NMR and magnetic studies provide further evidence for the formation 
of a radical species. Photolysis of CpMn(CO)3 in CD3OD in a sealed NMR 
tube results in the formation of CpMn(CO)2(CD3OD) as characterized by its 
Cp proton signal at 4.4 ppm [33]. Once exposed to O2, the decrease in the 
signal intensity was accompanied by spectral broadening, which lends 
evidence to the formation of free radicals or paramagnetic species [34] in 
solution although no new signals were observed.  
The involvement of O2 is likely to have been for H atom abstraction to 
form HO2, the hydroperoxy radical. The presence of HO2 is supported via the 
successful oxidation of a small quantity of 1,4-dihydroquinone to 1,4-
benzoquinone, confirmed via its 
1
H NMR signal at 6.78 ppm, when a mixture 
containing the dihydroquinone and CpMn(CO)2(CH3OH) was exposed to air. 
Besides O2, the conversion to CpMn(CO)2(RO) radical complex can be 



















effected by other oxidants such as H2O2 and 2,2-diphenyl-1-picrylhydrazyl 
radical (DPPH). In the latter case, a signal at 10.1 ppm, as shown in Figure 
2.3, assigned to the hydrazyl proton of DPPH-H can be detected [35, 36]. 
These results clearly point towards an H-atom abstraction by the oxidants, as 
observed previously with CpMn(CO)2(PhNH2) [25, 26]. In addition, the 




H-NMR spectrum of CpMn(CO)2(CH3OH) after 1 mole equivalent 
of DPPH was added, indicating the production of DPPH-H. The numbers 
beneath the spectra indicate the relative integral values of each peak. 
Magnetic susceptibility measurements carried out on the 
CpMn(CO)2(CH3O) radical complex within the first ten minutes of exposure 




















 for the 
CpMn(CO)2(C12H25S) radical. 
10.0 7.8 6.8 
10.11 9.21 8.51 
(ppm) 
8.5 9.0 9.5 10.0 
46.3 13.8 45.9 
7.37 7.35 7.32 7.26 7.22 7.20 7.18 7.11 7.09 
(ppm) 
7.1 7.2 7.3 7.4 
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Subsequently, the solution ESR spectrum was obtained for a methanol 
solution containing the CpMn(CO)2(CH3O) radical complex. The time-
dependent spectra shows the production of 2 compounds: an initial product 
possessing a sextet of lines with a g-factor centred around 2.028 ± 0.002 and 
coupling constants a(
55
Mn) of 6.5 ± 0.3mT, and a secondary production 
bearing a broader sextet of lines with a g-factor centred around 2.003 ± 0.003 
and coupling constants a(
55
Mn) of 9.4 ± 0.7mT. The first set of lines is 
comparable to those reported for CpMn(CO)2(RS) radicals (g-factor = 2.0200-
2.0320 with a = 5.0-5.6 mT) and the CpMn(CO)2(PhNH) radical (g-factor = 
2.2 with a = 5.0 mT) for which the spin is highly localized on the metal centre 
(Nuclear spin IMn = 5/2). The ESR measurements (Figure 2.4) strongly 
suggests that the signal carrier of the first set of sextet is indeed 
CpMn(CO)2(CH3O) radical complex. A possibility of the methoxy group 
protons being in proximity to the Mn centre has been ruled out since there was 
no indication of further hyperfine coupling. The second product is likely to be 
either MnO or MnO2 which have reported g-factors of 1.990 and 2.003 
respectively [36]. This is also in agreement with the IR spectroscopy results 
mentioned earlier for which no additional CO signals have been detected.  
Thus, the oxidation, magnetic susceptibility, ESR and IR spectroscopic 
studies, as well as comparison to CpMn(CO)2(C12H25S) radical for which a 
crystal structure is known, give ample evidence for the presence of the 
CpMn(CO)2(CH3O) radical complex. As mentioned, these experimental 
observations are not unique to methanol, but other non-hindered aliphatic 





Fig. 2.4 ESR spectra of (a) the initial radical complex (attributed to 
CpMn(CO)2(CH3O) radical) formed upon the introduction of air to 
CpMn(CO)2(CH3OH) and (b) its secondary decomposition radical product 
upon longer exposures of air. These spectra were obtained from subtraction 
analysis of spectra recorded at room temperature for a fresh preparedly 
methanol solution of CpMn(CO)2(CH3OH) complex as a function of varying 
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2.3.2 Computational studies of bond weakening  
The formation of the CpMn(CO)2(RO) radical from the parent 
CpMn(CO)2(ROH) complex upon H atom abstraction by ground state triplet 
O2 is explored in more detail here. The H atom transfer reaction is known to 
proceed via one of two major pathways i.e. direct neutral hydrogen atom 
transfer (HAT) or proton-coupled electron transfer (PCET) [37-40]. In our 
experiments, the former pathway is favoured since the abstraction can proceed 
equally fast in non-polar solvents. Regardless of the pathway, the abstraction 
would lead to the formation of the HO2 radical whose moderate O-H bond 
energy has been measured to be 202±5 kJmol
-1
 [41].  In our experiments, the 
H atom abstraction is a fast process which is completed within 10 minutes of 
O2 exposure. A low to moderate activation barrier for the abstraction is 
implied and therefore places the value of the O-H bond energy of the 
coordinated methanol in the CpMn(CO)2(CH3OH) complex in the vicinity of 




To understand the formation of CpMn(CO)2L radical complexes upon 
H atom abstraction, computational studies have been carried out for all three 
types of CpMn(CO)2L radical complexes (L = RO, RNH, RS). The optimized 
structures and energetics of the complexes and reaction enthalpies have been 
calculated using density functional method b3lyp/6-31g* level of theory and 
basis set in Gaussian 03 [43]. DFT theory is recognized as an efficient tool in 
predicting many properties in transition metal complexes [44]. The 6-31g* 
49 
 
basis set has been used in computational studies for transition metals after 
Rassolov et al. defined it for K to Zn atoms [45]. Unfortunately, transition 
states could not be optimized for the abstraction processes and hence the 
various reaction enthalpies have been used to represent the minimum 
activation barrier instead.  
Vibrational frequencies have also been determined for the optimized 
structures with a scaling factor of 0.96 applied to account for basis set 
deficiencies and lack of treatment of electron correlation effects [46, 47]. The 
scaled νCO frequencies (Table 2.3) of the CpMn(CO)2L complexes and their 
respective radical complexes are in reasonable agreement with the 
corresponding experimental frequencies with a root-mean-square error of 39.3 
cm
-1
 compared to the value of 32.0 cm
-1
 previously [46] for scaled frequencies 
obtained using b3lyp/6-31g*.  
In addition, an optimization of the linear scale factor was performed. It 
was found that the best factor for minimizing the error between the 
experimental and scaled frequencies was 0.946 instead of 0.960 used in 
previous studies [46, 47] for b3lyp/6-31g*. The overall root-mean-square error 




 (c.f [46]: 32.0 cm
-1
) and the average 




(c.f [46]: 13.8 
cm
-1
). The average percentage error also decreases from 2.1% to 1.7% (c.f 
[46]: 1.6%). The difference in the optimal scale factor employed is likely to be 
a result of the much smaller sample size employed in this study. Nevertheless, 
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the scaling performed in this study suggests that the optimized structures bears 
resemblance to the actual structures. 
Table 2.3 Calculated enthalpies
 























1 CH3OH -1686.6912 -115.658691 1908 1962 1850 1925
a
 49 
2 CH3O· -1686.1128 -115.009698 1966 2014 1934 2013
a
 22 
3 C12H25SH - - - 1865 1931
b
 - 
4 C12H25S· - - - 1919 1983
b
 - 
5 CH3SH -2009.6813 -438.647397 1914 1960 - - 
6 CH3S· -2009.1088 -438.019754 1965 2004 - - 
7 PhNH2 -1858.5154 -287.477643 1908 1959 1845 1918
b
 39 
8 PhNH· -1857.9194 -286.843517 1958 1997 1906 1962
b
 44 
9 CH3NH2 -1666.8333 -95.78446 1902 1954 1839 1914
b
 52 
10 CH3NH· -1666.2257 -95.137395 1955 1994 
- 
- 
11 CO - - 1968 2028 1933 2020
b
 25 
Experimental IR values were obtained in [a]methanol and [b]THF 
respectively. [c] A linear scale factor of 0.96 was employed. 
Subsequently, the enthalpies, for the H atom abstraction by triplet O2 
to form HO2 and their respective radicals, were calculated (Table 2.4). The 
computed reaction enthalpies suggest that the abstraction process is more 
energetically favorable for both CpMn(CO)2(CH3SH) and 
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CpMn(CO)2(CH3OH) than for CpMn(CO)2(CH3NH2) and 
CpMn(CO)2(PhNH2). The reaction enthalpy for the abstraction of H atom 
from CpMn(CO)2(CH3NH2) is especially high at 102.88 kJmol
-1 
and may 
explain the stability of CpMn(CO)2(CH3NH2) complex towards H atom 
abstraction by O2 at room temperature. In contrast, the formation of the 
CpMn(CO)2(CH3O) is more facile due ot the much lower reaction enthalpy.  
 
 
Table 2.4 Calculated enthalpies of H abstraction by oxygen from the 
CpMn(CO)2L to form the respective radical complexes and HO2. 
Entry R-X-H Enthalpy of H abstraction (kJmol
-1
) 
1 CH3OH 26.44 
2 CH3SH 10.70 
3 PhNH2 72.46 
4 CH3NH2 102.88 
 
Table 2.5 shows the bond dissociation energy (BDE) of the O-H, N-H 
and S-H bonds prior to and upon coordination, as well as the extent of bond 
weakening upon coordination. Notably, the degree of bond weakening upon 
coordination onto CpMn(CO)2 is higher in the case of CH3OH (46.7%) as 





                                                                
                   
              
               
 
Table 2.5 Calculated bond dissociation enthalpies (BDE) of X-H bonds. 











1a CpMn(CO)2(CH3OH) 211.37 
185.15 46.7 
1b CH3OH 396.52 
2a CpMn(CO)2(CH3SH) 195.64 
144.85 42.5 
2b CH3SH 340.49 
3a CpMn(CO)2(PhNH2) 257.39 
100.11 28.0 
3b PhNH2 357.50 
4a CpMn(CO)2(CH3NH2) 287.81 
103.65 26.5 




[26] cited two reasons to account for the stability of the 
CpMn(CO)2(m-toluidinyl) radical complex: first, a large SOMO-LUMO gap 
of ca. 3 eV where the unpaired electron resides on a energetically stable 
SOMO and second, the SOMO is localized 70-80% on the CpMn(CO)2 
fragment of the molecule. Thus, computational studies has been carried out to 
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examine the relevance of these two factors in the stability of 
CpMn(CO)2(CH3O) radical. Expectedly, similar observations could be made 
about the CpMn(CO)2(CH3O) radical species where the SOMO orbital of the 
CpMn(CO)2(CH3O) radical species is also largely localized in the CpMn(CO)2 
part of the molecule as shown in Figure 2.5. A calculated SOMO-LUMO gap 
of 2.24eV is obtained, as compared to a calculated value of 1.85eV for 
CpMn(CO)2(NHPh), which is used as a model for CpMn(CO)2(m-toluidinyl) 
radical complex. At least from the calculations, the CpMn(CO)2(CH3O) 
radical is expected to be more long-lived than the CpMn(CO)2(NHPh), which 
clearly contradicts the experimental data.  
 




2.3.3 Electron Delocalization and NBO Spin Analyses 
An alternative to understanding the radical stability is to study the 
effect of electron delocalization. The lowering of the O-H bond dissociation 
energy of organic molecules can be attributed to such delocalization, which in 
turn leads to the stabilization of the radicals obtained after H atom abstraction. 
In order to understand the relationship between the electron delocalization and 
the O-H energies, the spin density is computed for each atom within the 
radical complex, as the spin density is considered to be a more realistic 
parameter in providing a better representation of how delocalized the single 
electron is. NBO spin analyses for the various radical complexes have been 
carried out at b3lyp/6-31g* level of theory (Table 2.6). The residual spin 
densities within the unrepresented atoms in each molecule account for the 
remaining spin density to give an overall spin density of 1.  
The O and S atoms of the respective CpMn(CO)2(RO) and 
CpMn(CO)2(RS) radicals (Figure 2.6) have very low values for the spin 
density (<0.2), as compared to the values obtained for the uncoordinated 
radical species. On this basis alone, the dramatic weakening of the O-H and S-
H bond of the coordinated alcohol and thiol can be attributed mostly to spin 
density transfer to the Mn atom. In other words, as far as the O-H or S-H bond 
is concerned, their dissociation leads to a highly-stabilised non-O or S-





Table 2.6 Calculated NBO spin densities for Mn atom and X atoms of 
CpMn(CO)2(RX) radical complexes and the free radical ligands. 
  NBO Spin Densities 
Entry R-X Mn X 
1a CpMn(CH3-O) 0.922 0.178 
1b CH3-O - 0.918 
2a CpMn(CH3-S) 0.925 0.206 
2b CH3-S - 0.974 
3a CpMn(Ph-NH) 0.780 0.256 
3b Ph-NH - 0.622 
4a CpMn(CH3-NH) 0.770 0.367 
4b CH3-NH - 0.977 
 
The single electron, which is almost completely localized on the Mn 
atom, also provides an explanation for the short lifetime of the radical 
complexes since a metal-centered radical is still expected to be reactive to 
some extent. Unfortunately, the immediate radical decomposition products 
could not be characterized. The spin density data also correlate well with the 
less dramatic N-H bond energy decrease since there is also less transfer to the 




Figure 2.6 Optimised structures of selected CpMn(CO)2 radical complexes, 
using b3lyp/6-31g*.Values next to Mn, O, S or N atoms represent the 
respective calculated NBO spin densities. Values in parentheses represent the 
calculated spin densities of the atom counterpart in their respective unbound 
free radical ligands. The italicised numbers represent the respective Mn-N-H 
and C-N-H angles of the two amine complexes. 
Here, the spin density is more shared between Mn (0.78) and the N 
(0.26) atoms of the CpMn(CO)2(PhNH) radical. The computed Mn-N(Ph)(H) 




































more favourable sharing of electron density in the form of π backdonation of 
electrons from Mn to N. In addition, the lower spin density of the N atom 
(0.26) in the CpMn(CO)2(NHPh) radical, compared to CpMn(CO)2(NHCH3) 
radical (0.367), points towards contribution from the phenyl ring. Similarly in 
the unbounded free ligands, the N atom spin density of the NHPh radical 
ligand (0.622) also is also lower than its counterpart in the NHCH3 radical 
ligand (0.977). This may be rationalized as a delocalization of the unpaired 
electron from the non-bonding p orbital of the N atom into its π-conjugation 
for delocalise into the π-conjugation of the phenyl ring. 
 
2.3.4 Evaluation of OH bond activation for other complexes 
Further computational studies were performed to understand how 
different factors, such as the absence of the Cp, substituents on the Cp, and 
presence of ligands other than CO, could potentially affect the activation of 
coordinated methanol. Firstly, the absence of Cp ring was studied by modeling 
the activation of methanol by Mn(CO)5Cl, Fe(CO)5 and Cr(CO)6. The BDE 
and bond weakening for the respective methanol complexes are shown in 




Table 2.7 Calculated O-H bond dissociation and NBO spin analyses for 
selected transition metal carbonyl methanol complexes. 
While the degree of bond weakening appears to be much lower for 
Mn(CO)4(CH3OH)Cl and Cr(CO)5(CH3OH), Fe(CO)4(CH3OH) shows 
significant bond weakening, in comparison to CpMn(CO)2(CH3OH). The 
NBO spin densities appears to agree with the bond weakening as well. These 
observations suggest that the presence of Cp ring may not be essential for 
alcohol activation. In addition, Fe(CO)5 has demonstrated similar chemistry 
towards oxidative addition of silanes [48] as exhibited previously by 
CpMn(CO)3 [49]. 
Other cyclopentadienyl metal compounds (CpV(CO)3, CpCr(CO)3Cl, 
CpFe(CO)2Cl, CpCo(CO)2) are also modeled (Table 2.8). In comparison to 
CpMn(CO)3, all other compounds are calculated to exhibit bond weakening of 
at least 31% and the spin density shows that the unpaired electron is similarly 
located on the metal center. CpCo(CO)2 is predicted to exhibit the most 
extensive bond weakening of 61% but the activation of alcohols by 
CpCo(CO)2 is yet to be reported in literature. However, its utility in the 








NBO Spin densities 
M O 
Mn(CO)4(CH3OH)Cl 313.75 21% 0.839 0.270 
Cr(CO)5(CH3OH) 289.38 27% 0.742 0.288 
Fe(CO)4(CH3OH) 239.59 40% 0.940 0.130 
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addition of silanes [48] and stannanes [51] may hint at its potential in the 
activation of coordinated alcohols.  
Table 2.8 Calculated O-H bond dissociation and NBO spin analyses for 
selected CpM(CO)x complexes. 
The activation of alcohol by CpRe(CO)3 was also modeled, using 
b3lyp/lanl2dz instead, to ascertain if rhenium can activate alcohol (Table 2.9). 
While the degree of bond weakening is similar, the calculated spin densities 
are less delocalized onto Re and more onto the CO ligands instead. 
Table 2.9 Calculated O-H bond dissociation and NBO spin analyses for 









NBO Spin densities 
M O 
CpMn(CO)2(CH3OH) 243.64 39% 0.818 0.261 
CpRe(CO)2(CH3OH) 236.41 40% 0.450 0.301 
Next, variations in the Cp ring of the CpMn(CO)3 is studied (Table 








NBO Spin densities 
M O 
CpV(CO)3(CH3OH) 244.85 38% 0.914 0.056 
Cp(Cr(CO)2(CH3OH)Cl 214.50 46% 1.080 0.131 
CpMn(CO)2(CH3OH) 211.36 47% 0.922 0.178 
CpFe(CO)(CH3OH)Cl 272.51 31% 1.016 0.077 
CpCo(CO)(CH3OH) 152.89 61% 0.935 0.098 
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fluorine on the Cp ring decrease the extent of bond weakening slightly while 
methyl groups show the opposite effect. There is significant spin 
delocalization onto manganese and the presence of electronegative fluorine 
reduces the delocalization onto the Mn. These results suggest that the 
activation of methanol is not likely to be affected significantly by the variation 
of the Cp ring in CpMn(CO)3. 













NBO Spin densities 
M O 
C5F5-Mn(CO)2(CH3OH) 231.68 42% 0.900 0.190 
Indenyl-Mn(CO)2(CH3OH) 204.57 48% 0.960 0.157 
C5Me5-Mn(CO)2(CH3OH) 197.36 50% 0.954 0.152 
 The effect of CO ligand substitution on the the activation of methanol 
is also modeled for selected ligands (ethene, triphenylphosphine, pyridine and 
THF). While both the bond weakening and spin delocalization (Table 2.11) 
were calculated to be higher after the replacement of CO with various ligands, 
photochemical reactions of CpMn(CO)2L may not proceed via the substitution 
of CO but the more weakly bound ligands may be substituted instead as 

















CpMn(CO)(C2H4)(CH3OH) 186.86 53% 1.125 0.085 
CpMn(CO)(PPh3)(CH3OH) 157.52 60% 1.081 0.101 
CpMn(CO)(Pyridine)(CH3OH) 139.40 65% 1.099 0.070 
CpMn(CO)(THF)(CH3OH) 132.74 67% 1.098 0.060 
  
These computational findings suggest that the bond weakening of the 
OH bond is not unique to CpMn(CO)3. Both CpCo(CO)2 and Fe(CO)5 show 
excellent potential for the activation of the OH bond in alcohols. The 
activation of alcohols also improves slightly in the presence of electron-
donating groups on the Cp ring and the substitution of CO by ligands such as 
ethene, PPh3, pyridine and THF showed a general enhancement in the OH 
bond weakening ability of the metal center.  
While both bond weakening and spin delocalization may not correlate 
well with each other, these two factors serve as prediction parameters for 
alcohol activation and in combination, may be used to sieve out likely 





CpMn(CO)2(ROH) and its reaction with O2 have been studied mainly 
using IR absorption spectroscopy. The formation of a CpMn(CO)2(RO) radical 
complex was observed and its paramagnetic properties were investigated 
through magnetic susceptibility and ESR spectroscopic studies. Support for 
HO2 formation can be found through the positive chemical test with 1,4-
dihydroquinone which oxidizes to give 1,4-benzoquinone. Further support of 
H atom abstraction is found through the production of DPPH-H from DPPH.   
Computational studies of bond dissociation enthalpies also suggest that 
the OH bond is significantly weakened upon coordination such that H atom 
abstraction by O2, DPPH or H2O2 is facilitated. Interestingly, 
CpMn(CO)2(CH3NH2) does not undergo any H atom abstraction by any of the 
forementioned oxidants. An examination of the NBO spin densities and 
SOMO structure indicates that the spin density of the radical has been 
delocalized into the Mn atom for CpMn(CO)2(CH3O) and CpMn(CO)2(CH3S) 
radical complexes. Further computational evaluation of other factors, such as 
the absence of Cp ring, the variation in the metal center, substituents on the Cp 
ring and the presence of ligands suggest that the O-H bond activation of 
coordinated methanol is associated with spin delocalization but additional 
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experiments are necessary to verify the computational results presented herein. 
The results presented in this study hope to provide a glimpse into the nature of 
O-H bond activation by metal carbonyl complexes such as CpMn(CO)3.  
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Hydrogen Generation from Water upon CpMn(CO)3 





There has been considerable interest in the generation of hydrogen gas 
by the photoactivation of water using transition-metal complexes. A detailed 
understanding of the photoprocesses involved may further the “green” goal of 
using hydrogen as a major energy source, and thereby reduce the dependence 
on fossil fuels. Several examples of metal complexes are known to activate 
water, and some of them contain platinum [1,2], cobalt in cobaloximes [3,4] 
and iron in hydrogenase mimics [5-8]. In addition, the discovery of a 
ruthenium metal complex (Scheme 3.1), which reacts with water leading to 
consecutive thermal H2 and light-induced O2 production from water, has been 
reported by Milstein et al [9]. The hydrido ruthenium complex was 
synthesized via the hydration of a pincer RuII complex. Next, the dihydroxo 
complex was formed by refluxing the hydrido complex with water and this 
was accompanied by hydrogen evolution. Finally, upon irradiation of the 
dihydroxo complex, the hydrido complex was regenerated with the evolution 
of oxygen, thus completing the water activation cycle. 
Scheme 3.1 Consecutive thermal H2 and Light-induced O2 evolution from 




In another study, iron carbonyl has been incorporated with an iridium 
photosensitizer and sacrificial reagents to generate hydrogen from proton 
sources [10]. Recently, a molybdenum-oxo catalyst has also been shown to be 
able to generate hydrogen from water [11]. The mechanism behind water 
activation by metal complexes (Scheme 3.2) has been highlighted in a recent 
review [12]. In some instances, oxidative addition of water to a metal center 
may be part of the overall transformation for the reduction of H2O to yield H2. 
The importance of water photoactivation by transition metal centers 
necessitates more extensive studies aimed at understanding the various 
photopathways that may lead to hydrogen generation from water especially 
under ambient conditions. 
 
Scheme 3.2 Modes of addition of water to a transition metal complex. Taken 
from [12]. 
 
In this study, the production of hydrogen peroxide and hydrogen from 
water was observed upon room-temperature photolysis of CpMn(CO)3 in a 
biphasic water/hexane mixture. The reaction was studied using IR and NMR 
spectroscopic, deuteration and gas-phase mass spectrometric studies. A 
mechanism, accounting for this photoprocess, was also proposed and studied 




3.2.1 Materials and methods 
All chemicals were purchased from Sigma-Aldrich and used without 
further purification, unless otherwise noted. (8-Quinolyl)cyclopentadienyl 
manganese tricarbonyl was obtained as a gift from Prof. Markus Enders. 
Anhydrous hexane was triply distilled from molecular sieves. 
CpMn(CO)2PPh3 were synthesized according to literature procedures [13]. 
Cyclopentadiene was obtained from the cracking of dicyclopentadiene at 150-
160oC and used immediately upon distillation. Chemicals used in the 
quantification were calibrated against their respective primary standards. UV-
Vis absorption spectra were recorded on a Shimadzu UV-2550 spectrometer.  
 
3.2.2 Photolysis of CpMn(CO)3 in hexane/water mixture 
In a typical experiment, the photolysis of CpMn(CO)3 (0.020 g, 1.0x10
-
4 mol) in hexane (5 cm3) and H2O (5 cm
3) was conducted in an evacuated 
quartz apparatus (25 cm3 volume) employing a UV broadband lamp 
(wavelength range: 300-800 nm. typical power measured at 10 cm distance: 
0.85 W/cm2). The photolysis was carried out over a 6-hour period for 
completion. 1H NMR spectra were recorded on a Bruker ACF300 and 
AMX500 NMR spectrometer with chemical shifts referenced to residual 
solvent peaks in the respective deuterated solvents. Solution IR spectra were 




3.2.3 NMR quantification of cyclopentadiene 
 CpMn(CO)3 (0.020 g, 1.0x10
-4 mol) in 0.5 cm3 isooctane and 0.5 cm3 
H2O was photolysed for 6 hours before a 0.01 cm
3 sample was transferred into 
a NMR tube containing 0.5 cm3 CDCl3. The NMR spectrum of the sample was 
obtained and the quantification was performed using isooctane as an internal 
standard. CpH: 1H NMR (CDCl3)  6.57m (2H), 6.46m (2H), 2.98m (2H) 
 
3.2.4 Mass spectrometric determination of hydrogen 
Hydrogen gas was detected using a modified residual gas analyzer 
(Pfeiffer Vacuum PrismaPlus QMG 200 with a high-sensitivity ion source) 
where the signals at m/e = 2, 3 and 4 were monitored over time. The 
CpMn(CO)3-dodecane/water mixture was rapidly frozen using liquid nitrogen 
before the headspace above the mixture was sampled before and after 
photolysis.  
For each analysis, 3 cm3 of the gas was injected directly using a 
syringe into a pre-evacuated (<1x10-6 Torr) 20 cm3 stainless steel chamber 
connected to the residual gas analyser. Thereafter, repeated 1 cm3 portions of 
gas samples were then introduced by means of two Swagelok ball valves. This 
is to ensure that repeated sampling of the gas would not have significant 
depreciation of the initial pressure of gas. Subsequently, the amount of 
hydrogen present in the photolytic mixture was calculated while taking into 
account volume correction factors.  
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Prior to each analysis, a known pressure sample of pure hydrogen gas 
(50-60 Torr) was introduced into a glass tube containing degassed 
dodecane/water, before being freezed using liquid nitrogen. The headspace of 
this control mixture was injected for calibration of the peak signal. Air was 
used instead for noise subtraction.  
 
3.2.5 Deuteration studies 
 CpMn(CO)3 (0.020g, 1.0x10
-4 mol) in 0.5 cm3 hexane and 0.5 cm3 of 
D2O was photolysed for 6 hours before the headspace was studied using mass 
spectroscopy. HD and D2 was observed as signals at m/e = 3 and 4 
respectively (Figure 3.1).  A 0.01 cm3 sample was transferred into a NMR tube 
containing 0.5 cm3 CDCl3. The NMR spectrum of the sample was obtained 
and the integral ratio suggested a production of CpD. A similar experiment 
was conducted using 0.5 cm3 of d12-cyclohexane and 0.5 cm
3 of H2O, yielding 
only CpH and H2 instead. 
 
3.2.6 Analysis of hydrogen peroxide production 
 CpMn(CO)3 (0.020 g, 1.0x10
-4 mol)  in a  mixture of 5.0cm3 of hexane 
and 5.0 cm3 of H2O was photolysed for 6 hours. The aqueous phase was 





(a) Alkaline potassium hexacyanoferrate(III) 
2Fe(CN)6
3- + H2O2 + 2OH
-  2Fe(CN)64- + O2 + 2H2O 
Potassium hexacyanoferrate(III) solution (9.78 x 10-3M) was prepared 
using literature procedures [13]. 19.5 cm3 of alkaline potassium 
hexacyanoferrate(III) (9.78 x 10-4M K3Fe(CN)6 in 0.4M KOH solution) was 
added into 1 cm3 of the aqueous extract from the photolysis of CpMn(CO)3. 
The resulting solution was then stirred and subjected to UV-Vis absorption 
spectroscopy. The yield of H2O2 determined to be 16%. 
(b) Acidified potassium dichromate 
Cr2O7
2- + 3H2O2 + 8H
+ 2Cr3+ + 7H2O + 3O2 
Potassium dichromate solution (4.08 x 10-3M) was prepared using 
literature procedures [13]. 19.5 cm3 of acidified potassium dichromate (4.08 x 
10-4M K2Cr2O7 in 0.1M HCl solution) was added into 1 cm
3 of the aqueous 
extract from the photolysis of CpMn(CO)3 and the resulting solution was then 
stirred and subjected to UV-Vis absorption spectroscopy. The yield of H2O2 
was determined to be 19%. 
(c) Acidified potassium iodide 
2I- + H2O2 + 2H
+  I2 + 2H2O 
I2 + 2Na2SO3 +  2NaI + Na2S4O6 
 Potassium iodide (5.19 x 10-2M) , sodium thiosulphate (5.16 x 10-4M) 
and starch indicator solutions were prepared using literature procedures [13]. 
 75 
 
19.5 cm3 of acidified potassium iodide (5.19 x 10-3 M in 0.05 M H2SO4 
solution) was added into 1 cm3 of the aqueous extract and the resulting 
solution was left to stand in an glass-stopper conical flask in the dark for 5 
hours until a brown coloration appears. The solution was then titrated with 
sodium thiosulphate and 1 drop of starch indicator was added towards the 
endpoint when the brown coloration became too faint to be observed 
accurately. The endpoint was defined as the point when the blue coloration of 
the starch-iodine complex disappeared. The yield of H2O2 was determined to 
be 22%. 
(d) Fenton reagent test 
2Fe2+ + 2H+ + H2O2  2Fe3+ + 2H2O 
5 cm3 of acidified iron sulphate solution (5.09 x 10-2M) was added into 
0.5 cm3 of the aqueous extract and the presence of hydrogen peroxide is 
confirmed by the immediate color change from green to yellow.  
 
3.2.7 Photolysis of CpMn(CO)3 suspended in water 
CpMn(CO)3 (0.010 g, 5x10
-4 mol) was ground into powder form before it was 
added to 5 g of water in a quartz apparatus. The suspended CpMn(CO)3 was 
then subjected to UV photolysis for 6 hours before the headspace above the 





3.2.8 Photolysis of CpMn(CO)3 in cyclopentadiene 
 CpMn(CO)3 (0.048 g, 1.5x10
-4 mol) in either neat cyclopentadiene (2 
cm3) or cyclopentadiene in dried hexane solution (0.010 cm3 CpH in 2 cm3 
hexane) was photolysed for 1 hour in an evacuated quartz apparatus using a 
broadband UV lamp. The solution was evaporated to dryness and redissolved 
in hexane before the IR spectrum was obtained. The products were 
characterized using IR and NMR spectroscopy and identified to be 
CpMn(CO)2(η2-CpH) and CpMn(CO)2(μ-η2:η2-CpH)CpMn(CO)2 respectively. 
CpMn(CO)2(η2-CpH): IR (ν(CO)) 1968 s, 1910 s cm-1; 1H NMR (C6D6) δ 6.49 
m (1H), 5.47 m (1H), 4.28 m (1H), 3.88s (5H), 3.76 m (1H), 2.95 m (2H). 
CpMn(CO)2(μ-η2:η2-CpH)CpMn(CO)2: IR (ν(CO)): 1963 s, 1905 s cm-1; 1H 
NMR (C6D6) δ 4.72 m (1H), 3.82 s (5H), 3.18 (1H), 3.07 m (1H). 
 
3.2.9 Time-Resolved Infrared Spectroscopy  
A Bruker Vertex 80 instrument operating in rapid scan mode was 
utilized to detect the presence of CpMn(CO)2(H2O). To a 5 cm
3 hexane 
solution of 2 mM CpMn(CO)3 was added 1 cm3 of distilled water. The 
resulting mixture was shaken vigorously and then degassed by bubbling Ar for 
5 minutes. After separation, the water-saturated organic layer was extracted 
and added to a 0.5 mm path length temperature controlled IR cell with CaF2 
windows (Harrick Scientific). The mixture was photolyzed with a single shot 
of 355 nm light from an Nd:YAG laser (Continuum Surelite I-10, 50 
mJ/pulse) and the resulting spectrum acquired at 8 cm-1 resolution. 
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3.2.10 Reaction of CpMn(CO)2(THF) with water 
CpMn(CO)3 (0.048 g, 1.5x10
-4 mol) in THF (2 cm3) was photolysed 
for 1 hour in an evacuated quartz apparatus using a broadband UV lamp. The 
resulting CpMn(CO)2(THF) solution was frozen before 20 ul of water was 
added in the dark. The reaction mixture was studied using headspace mass 
spectrometry and IR spectroscopy and indicates the formation of 
CpMn(CO)2(η2-CpH) and CpMn(CO)2(μ-η2:η2-CpH)CpMn(CO)2 without the 
evolution of H2. 
3.3 Results and discussion 
3.3.1 H2 and H2O2 production  
     Broadband irradiation (300-800 nm) of CpMn(CO)3 in a 
hexane/water two phase system resulted in the disappearance of its νCO bands 
at 2029 cm-1 and 1947 cm-1. The suspension was photolyzed until there were 
no further absorption changes in the IR spectrum.  Mass spectrometric analysis 
of the headspace above the suspension showed the presence of hydrogen gas 
as evidenced by a signal at m/e = 2 that is larger than that of the signal at m/e = 
1 (Figure 3.1).  Since the photolyzed suspension was frozen using liquid 
nitrogen prior to sampling, the signal was primarily due to H2 gas produced 
from the photoreaction and was not a result of hexane or water vapor sampled 
above the suspension. Calibrating against a fixed pressure of pure H2, the yield 
of H2 produced from CpMn(CO)3 irradiation was determined to be 47 ± 12% 
with respect to the initial mole quantity of CpMn(CO)3. The time evolution of 
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H2 demonstrated that its production slowed down considerably toward the end 
of irradiation, due to depletion of the parent tricarbonyl.  
 
Figure 3.1 (a) Mass spectra of the headspace content upon CpMn(CO)3 
photolysis in a dodecane/H2O or dodecane/D2O mixture. The m/e value of 2 
and 4 corresponding to H2 and D2 were scanned over time during which the 
gases (H2 standard, headspace contents of CpMn(CO)3/H2O and 
CpMn(CO)3/D2O-H2O after photolysis) were being injected into the mass 
spectrometer.  
m/e = 4 
CpMn(CO)3 + H2O 
photolysis 
H2 calibration standard 
CpMn(CO)3 + D2O 
photolysis 





(b) Gas-phase mass spectra showing the fragmentation pattern of the 
headspace obtained from the hexane photolysis of CpMn(CO)3 with (i)H2O 
and (ii)D2O. 
 
When D2O was used instead of H2O, D2 was the primary gaseous 
product, as evidenced by a peak at m/e = 4 in the mass spectrum. The mass 
spectrum did not provide any evidence for the formation of O2 and CO2 from 
this photoreaction. In control experiments, photolysis of CpMn(CO)3 in dried 
hexane yielded very small amounts of H2 (<5% yield). No hydrogen was 
detected in the absence of photolysis or an inert atmosphere. However, 
addition of water to the dried hexane solution restored the hydrogen signals 
upon irradiation. In addition, the H2 yield remained unchanged upon addition 
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of 1-5 mole equivalents of various acids (HBF4, CH3COOH) to the solution. 
Together with the control experiments, the data lead to the important 
conclusion that both H2O and CpMn(CO)3 are necessary for such production 
of H2 gas. In addition to H2, hydrogen peroxide was also detected in the 
aqueous layer upon CpMn(CO)3 photolysis.  Three different assays and a 
qualitative Fenton reagent test were conducted to confirm the presence of 
H2O2 [14, 15]. The yield of H2O2 production was determined by titration with 
standardized acidified potassium hexacyanoferrate (III) (Figure 3.2) and the 
titrimetric analysis of iodine produced by the reaction of H2O2 with acidified 
potassium iodide. 
 
Figure 3.2 UV-Vis spectrum showing absorption maximum at 420nm of 9.29 
x 10-4M K3Fe(CN)6, (a) before addition, (b) after addition of H2O2 produced 
from 20 minutes of photolysis, corresponding to 0.95 x 10-4 M H2O2 and (c) 
after addition of  H2O2 from 360 minutes of photolysis corresponding to 2.95 x 
















Yields of 36 ± 5% and 42 ± 4% were obtained using the Fe(CN)6
3- and I- 
assays, respectively, resulting in an average yield of 39 ± 5% for H2O2 
production relative to the initial amount of CpMn(CO)3.  
 
3.3.2 NMR and IR spectroscopy 
The 1H NMR spectrum of the hexane layer following photolysis of 
CpMn(CO)3 demonstrated the production of cyclopentadiene monomer C5H6 
(CpH). Complete photolysis of CpMn(CO)3 resulted in a >90% yield of CpH 
relative to the initial amount of CpMn(CO)3. Partially deuterated C5H5D was 
observed as a main product when CpMn(CO)3 was photolysed in a biphasic 
hexane/D2O mixture.  Importantly, the CpH signals decreased dramatically 
(<10% yield) when CpMn(CO)3 photolysis was carried out in dried hexane, 
suggesting that the presence of water is necessary for the production of CpH. 
Irradiation of CpMn(CO)3 in the hexane/water system resulted in the 
growth of four new IR bands (Figure 3.3) which are assigned to CO stretching 
absorbances of manganese carbonyl complexes formed upon photolysis. The 
intensities of all four peaks also decreased significantly when dried hexane 
was used. Since photolysis of CpMn(CO)3 is known to result in the loss of CO 
ligand [16] and by analogy with other characterized CpMn(CO)2L complexes, 
the position and the intensity of the four peaks suggest that they correspond to 




Figure 3.3 (a) Photolysis of CpMn(CO)3 in a biphasic water/hexane mixture, 
producing 2 sets of product peaks at CpMn(CO)2(η2-C5H6) (A: 1910 and 1968 
cm-1) and CpMn(CO)2(-2,2-CpH)CpMn(CO)2 (B: 1905 and 1963 cm-1). (b) 
Photolysis of CpMn(CO)3 in neat cyclopentadiene, producing A. (c) Photolysis 
of CpMn(CO)3 in hexane solution of cyclopentadiene (CpMn(CO)3:CpH = 
2:1), producing B. All spectra were recorded in hexane solvent. 
 
The CpMn(CO)2(η2-alkene) complex, with CO bands at 1968 and 1910 
cm-1, is identified as the CpMn(CO)2(2-CpH) since photolysis of CpMn(CO)3 
in neat CpH yielded a species with identical CO stretching band positions. The 
second dicarbonyl species, with CO bands at 1963 and 1905 cm-1, could be 
isolated as a yellow solid due to its poor solubility in hexane. The similar CO 






























band positions for the second dicarbonyl species strongly suggest that it is also 
a η2-bound alkene complex and hence has been assigned to the dimer complex 
CpMn(CO)2(μ-η2:η2-CpH)CpMn(CO)2, which was observed only when the 
ratio of CpMn(CO)3 to CpH was increased significantly. In addition, the 
syntheses of these two manganese complexes have previously been reported 
[19]. The NMR spectra of these complexes had also indicated very good 
agreement with the literature values. In addition, CpMn(CO)2(THF) was found 
to react with water in the dark to give both CpMn(CO)2(2-CpH) and 
CpMn(CO)2(μ-η2:η2-CpH)CpMn(CO)2, albeit without the evolution of H2. 
As mentioned earlier, UV photolysis of CpMn(CO)3 in solution phase 
results in the dissociation of a CO ligand and coordination of a solvent 
molecule to the vacant site within picoseconds of CO loss [16].  For example, 
CpMn(CO)2(THF) is formed in high yield upon photolysis of CpMn(CO)3 in 
the presence of THF [20]. Similarly, the CpMn(CO)2(OH2) complex could 
have been generated upon photolysis of CpMn(CO)3 in the hexane/water 
system.  The CpMn(CO)2(OHCH3) complex has also been observed 
previously upon photolysis of the tricarbonyl in the presence of methanol [21]. 
By analogy with these η1-oxygen coordinated complexes, the generation of the 
CpMn(CO)2(OH2) complex upon photolysis of CpMn(CO)3 in the 
hexane/water system was investigated. The time resolved IR spectrum 
obtained upon 355 nm laser photolysis of CpMn(CO)3 in the hexane/water 
system showed the formation of a short lived complex with a 1/2 = 0.6 
seconds at 293K (Figure 3.4). The relative intensities and positions of its CO 
stretching absorbances observed at 1862 and 1934 cm-1 are similar to those of  
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CpMn(CO)2(THF) in a cyclohexane solution at 1864 and 1936 cm
-1. This 
short lived species is therefore identified as the CpMn(CO)2(OH2) complex.  It 
is interesting to note that while CpMn(CO)2(THF) has a relatively long 
lifetime of several minutes at room temperature, the water complex is 
significantly less stable due to weaker donor characteristics of the oxygen 
atom in water relative to that in THF. However, it may also be due to 
subsequent reactivity unique to the water complex. 
 
Figure 3.4 Difference FTIR spectra obtained upon photolysis of CpMn(CO)3 
in a water-saturated hexane solution. The negative peaks are due to depletion 
of the parent tricarbonyl upon photolysis. The positive peaks are due to the 
CpMn(CO)2(H2O) complex. The inset shows the decay of the CO stretching 






3.3.3 Mechanism and DFT Studies 
The data presented above strongly suggests that water is intimately 
involved in the liberation of hydrogen upon photolysis of CpMn(CO)3 in the 
hexane/water system.  The proposed mechanism of hydrogen liberation upon 
CpMn(CO)3 irradiation has been illustrated in Scheme 3.3. Oxidative addition 
was not included in the proposed mechanism as hydride species were yet to be 
detected in both NMR and Rapid-scan IR spectroscopy. 
 
Scheme 3.3 Proposed mechanism for the generation of H2 and H2O2 from 





An important intermediate in this mechanism is the water-coordinated 
complex, CpMn(CO)2(H2O) which has been directly observed by time-
resolved IR spectroscopy. Compared to the more stable CpMn(CO)2(THF) 
complex, the shorter lifetime of CpMn(CO)2(H2O) may be the result of a fast 
intramolecular proton transfer to the 5 coordinated Cp ring. This type of H 
atom transfer is not without precedence in these systems.  For example, Top 
et. al reported that photolysis of CpMn(CO)3 derivatives in the presence of a 
proton source results in the formation of the appropriate solvate complex 
followed by intramolecular proton transfer to the Cp ring [21].  The resulting 
16-electron diene manganese dicarbonyl intermediate can subsequently react 
via two pathways with the first one being CpH ligand dissociation. This 
process accounts for the detection of free CpH in the 1H NMR spectrum of the 
hexane layer and also for the presence of IR signals due to CpMn(CO)2(η2-
CpH).  
Interestingly, one of the main species detected in the hexane/D2O 
biphasic system is CpD (C5H5D) together with D2 liberation. As shown in the 
proposed mechanism, D2 is only possible through coordination of a second 
D2O molecule to the (4-CpD)Mn(CO)2(OD) 16e- intermediate. Thus, D2 is 
formed when the endo-D of the η4-CpD ligand combines with one of the D 
atoms of the coordinated D2O molecule. The second D2O molecule has to 
coordinate or at least undergo some stereospecific interaction with the diene 
intermediate; otherwise, the unlikely reaction of a free D2O molecule with the 
intermediate via the endo-D or exo-H atom will lead to the production of both 
HD and D2 in similar quantities, which is not observed. In a possibly 
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concerted process, an intermediate peroxo complex is generated together with 
release of H2 or D2.   
The observed formation of H2O2 can then be accounted for as a 
product following dissociation from the postulated CpMn(CO)2(H2O2) 
complex into the aqueous layer.  Interestingly, photolysis of a M(OH)2 (M = 
Ru) complex was reported to yield O2, also very likely by reductive 
elimination of H2O2 followed by disproportionation [9]. In a recent DFT 
study, the reductive elimination of H2O2 from this ruthenium complex has 
been shown to be a photolytic step because of the high endergonicity of the 
reaction [22]. The proposed mechanism therefore accounts for most of the 
experimental observations and involves species that are reasonable 
intermediates, including the CpMn(CO)2(OH2) complex, which is directly 
observed.  
According to the proposed mechanism, loss of the CpH ligand 
following proton transfer competes with H2 production. Thus, addition of 
excess CpH to the photolysis mixture may result in increased H2 production. 
However, experiments conducted with added CpH only resulted in higher 
yields of the CpMn(CO)2(η2-CpH) complex. This observation is unsurprising 
since the presence of free CpH competes with the binding of water to the 
vacant coordination site on the Mn center yielding primarily CpMn(CO)2(η2-
CpH). 
Computational studies were conducted to understand the energetics for 
the intermediates involved in the proposed mechanisms. The optimized 
structures and energetics of the intermediates have been calculated using 
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density functional method b3lyp/6-31g* level of theory and basis set in 
Gaussian 03 [23]. Figure 3.5 shows the computed relative enthalpies of the 
species involved in the proposed mechanism. CpMn(CO)3 (I) first undergoes  
an endothermic CO dissociation (229.9kJ/mol) before the H2O coordinates to 
give CpMn(CO)2(H2O) (II). The enthalpy associated with the CO dissociation 
necessitates the use of photolysis. 
The isomerization of CpMn(CO)2(H2O) (II) to a 16-electron (-
CpH)Mn(CO)2(OH) (III) intermediate involves the protonation of the CpH by 
the coordinated water molecule to give CpH. Although the process is 
endothermic (59.1 kJ/mol), photolysis may not be required since the 
substitutionally labile CpMn(CO)2THF has been shown to decompose to give 
CpH when reacted with water in the dark. 
Subsequently, another water molecule coordinates to III 
exothermically (-12.2 kJ/mol) to afford (-CpH)Mn(CO)2(H2O)(OH) (IV). 
The H atom of one of the O-H bond of the coordinated water molecule then 
abstracts the endo-H atom on the CH2 group of the CpH moiety to 
generate H2. The two OH groups on V recombine to form H2O2 with one of 
the O atoms coordinated to the CpMn(CO)2 moiety. These steps require 217.2 
kJ/mol, suggesting a photo-assisted step is required as well. In the final step, 




Figure 3.5 Relative Enthalpies (in kJ per mole of CpMn(CO)3) of the intermediates proposed in Scheme 3.3. 
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The mechanism described is similar to that proposed for the formation of 
disulfides and H2 from thiols following CpMn(CO)3 irradiation [24]. In both cases, 
the respective manganese complex, CpMn(CO)2(H2O) or CpMn(CO)2(RSH), appears 
upon irradiation. In the disulfide case, however, the process can be made catalytic 
because of the more facile dissociation of the weaker S−H bond and formation of the 
stronger S−S bond in comparison to O−H and O−O bonds, respectively. The 
possibility of the water-gas shift reaction occurring in the system has been ruled out 
due to the absence of detectable carbon dioxide formation in the mass spectrum. At 
the end of irradiation, manganese deposits, possibly the oxides and hydroxides, were 
observed. In order to test whether the deposits were responsible for H2 production, 
they were filtered, redispersed in fresh water, and irradiated. However, no hydrogen 
was detected in the mass spectrum. 
In addition, alternative pathways are possible, as shown in Scheme 3.4. Firstly, 
the coordination of H2O could have led to the formation of oxidative addition product, 
CpMn(CO)2(H)(OH). While no hydride signal was observed in the 
1H NMR spectra 
or rapid-scan IR studies, such oxidative addition of molecules across transition metal 
centres is a common mechanistic step in transition metal reactions. The 
CpMn(CO)2(H)(OH) complex can then undergo hydride abstraction by a proton or 
water molecule to generate H2, a hydroxide ion and an cationic CpMn(CO)2(OH) 
intermediate. However, a DFT modelling of this step suggests that it is highly 
endothermic and furthermore, these ionic intermediates are not likely to be stable in 
organic solvents.  Nevertheless, the cationic CpMn(CO)2(OH) intermediate can then 
undergo a coordination of H2O, forming CpMn(CO)2(OH)(H2O) before deprotonation 
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by a hydroxide ion results in the formation of the CpMn(CO)2(H2O2) which can then 
decompose to give hydrogen peroxide. 
 
Scheme 3.4 Proposed mechanism, involving oxidative addition, for the generation of 
H2 and H2O2 proceeding after the formation of CpMn(CO)2(H2O) in hexane/water 
biphasic system. 
On the other hand, instead of an oxidative addition step, another H2O molecule 
could also have substituted a CO ligand on CpMn(CO)3 to give CpMn(CO)(H2O)2. 
This CpMn(CO)(H2O)2 complex can then undergo an elimination of H2 to give a 
CpMn(CO)2(OH)2 intermediate before finally rearranging to give CpMn(CO)2(H2O2). 
While this sequence of reaction steps possibly possess lower activation barriers, the 
sequential substitution of two water molecules on CpMn(CO)3 could be hampered by 
the lack of water solubility in hexane. 
 
Scheme 3.5 Substitution of an additional CO by H2O, for the generation of H2 and 





3.3.4 Attempts to improve water activation 
Other attempts to improve the H2 yield were also unsuccessful. For example, 
H2 production did not improve when hexane was replaced by other non-polar 
(cyclohexane, benzene, toluene) or polar solvents miscible with water (THF, acetone).  
Indeed, use of polar solvents that resulted in reduced amounts of H2 production could 
possibly be due to strong binding of the polar solvent molecule to the photo-generated 
CpMn(CO)2 fragment, thereby preventing H2O coordination. Photolysis of 
CpMn(CO)3 particles suspended in pure water also did not give improved yields of 
H2, while addition of CO (0.2−1 bar) into the headspace above the mixture slowed 
down the generation of H2 considerably and did not lead to an increase in yield. 
Similarly, varying the pH of water (5−10) has little effect on the system. 
In addition, the H2 production by CpMn(CO)2X species (where X = PPh3 or 
alkene) was investigated to see if the substitution of CO would still result in H2 
production. This is because water-soluble ligands could be coordinated to the 
manganese center and enhance the solubility of the manganese complex in water. 
However, when CpMn(CO)2(PPh3) was evaluated, only decomposition via the CpH 
pathway was observed. This suggested that ligand substitution might not lead to 
complexes capable of higher activity. 
Since one of the main losses of CpMn(CO)3 is that from CpH dissociation, 
derivatisation of the CpH ring could be investigated to study the effect of substituents 
on the CpH ring on the H2 production. Thus far, C5H4MeMn(CO)3 had been tested for 
similar reactivity and the yield of H2 was no higher than that of CpMn(CO)3. This 
might be due to the electron-donating alkyl group on the ring, which increases the 
electron density on the metal, making it more difficult for water to bind.  
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Next, pendant arms chelating onto the Mn center could also help to anchor the 
CpH ring and prevents its dissociation. A sample of (8-quinolyl)cyclopentadienyl 
manganese tricarbonyl [25] is such a candidate as the N atom of the 8-quinolyl arm 
can coordinate to the Mn center upon CO dissociation (Scheme 3.4) , allowing the Cp 
ring to be anchored through the N atom.  
 
Scheme 3.6 Anchoring of Cp ring upon the substitution of a CO ligand by the N atom 
of the 8-quinolyl arm. 
The complex was found to exhibit similar activity towards the photochemical 
production of H2 from H2O in our study but at a far slower rate. Presumably, the 
dissociation of the CO ligand is required for the activation but simultaneously the N 
atom of the 8-quinolyl arm could have dissociated and recombined instead with the 
Mn center, preventing the coordination of water. 
 
3.4 Conclusion 
The production of H2 from H2O has been performed via the photolysis of 
CpMn(CO)3 in a biphasic water/hexane mixture. A mechanism has been proposed to 
explain the general features of our experimental data: namely the production of H2 
and H2O2, the detection of CpMn(CO)2(H2O) by time-resolved IR spectroscopy, and 
the formation of CpH and its complex CpMn(CO)2(CpH) as one of the main loss 
reaction pathways followed by using NMR and IR spectroscopy, respectively. 
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However, much detail about the mechanism has not yet been investigated. For 
example, the subsequent steps in the proposed mechanism may require further 
irradiation or a Mn(OH)2 complex actually forms before H2O2 is expelled. We are 
also aware that some unknown low-concentration manganese species in the solution 
or even some insoluble deposits that have eluded detection may turn out to be the key 
intermediate after all. At present, it is difficult to ascertain the actual mechanism until 
much more work has been carried out on this system. 
The data presented in this study demonstrate that CpMn(CO)3 photolysis in a 
hexane/water two-phase mixture yields both hydrogen and hydrogen peroxide from 
water. No other metal complexes or proton sources are required. Since hydrogen 
peroxide can be catalytically decomposed into oxygen, the photolytic process 
described here can generate both H2 and O2 at room temperature. Although the 
process is not yet catalytic, we hope to stimulate interest into reviving the use of 
relatively inexpensive metal carbonyl complexes of strong Lewis acid character for 
photoactivating water in a stoichiometric or catalytic manner.  
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 Metal hydrides are key intermediates in many reactions, such as the 
addition of various substrates to unsaturated bonds [1-4] and the isomerization 
of alkenes [5, 6]. Particularly, metal hydrides are involved in the oxidative 
addition of water [7, 8] and the reductive elimination of hydrogen [9, 10]. The 
use of a transition metal hydride cluster [{(C5Me4SiMe3)Y}4(μ-
H)9Mo(C5Me5)] for hydrogen storage has also been explored [11]. Hence, the 
activation of water to produce hydrogen may be expected to proceed via a 
hydride as an important intermediate.  
 In a previous study by Byers et al. [12], photolysis of Mn2(CO)8L2 (L = 
CO, P(OEt)3 and PBu3) and HCl afforded MnH(CO)4L and MnCl(CO)4L 








Scheme 4.1 Proposed Mechanism for the photochemical reaction between 




 Furthermore, in Chapter 3, stoichiometric photoactivation of water by 
cyclopentadienyl manganese tricarbonyl CpMn(CO)3 to produce hydrogen and 
hydrogen peroxide has been demonstrated. However, more examples and 
extensive studies are still required to understand the various photopathways, 
both stoichiometric and catalytic, leading to H2 generation from water 
especially under ambient conditions. Hence, as an extension to the water 
activation by CpMn(CO)3, Mn2(CO)10 was chosen for an investigation of its 
water activation  abilities. 
 In this chapter, the stoichiometric hydrogen production upon photolysis 
of commercially-available dimanganese decacarbonyl Mn2(CO)10 in a biphasic 
mixture of alkane and water is observed. Although Mn2(CO)10 is known to 
produce H2 upon reaction with HCl [12], this work demonstrates that the 
system still works with water. The key intermediate has been identified as 
MnH(CO)5 and a mechanism, modified upon that proposed previously by 
Byers et al. [12], has been proposed to account for the general features of the 
experimental data. Computational studies has been done to investigate the 
proposed mechanism as well. 
 100 
 
4.2 Experimental Details 
4.2.1 Materials and measurements 
All chemicals were purchased from Sigma-Aldrich and used without 
further purification, unless otherwise noted. Chemicals used in the 
quantification were calibrated against their respective primary standards. 1H 
NMR spectra were recorded in C6D6 on a Bruker ACF300 and AMX500 NMR 
spectrometer with chemical shifts referenced to residual C6D6 peaks. Solution 
IR spectra were obtained on a Nexus 870 FT-IR spectrometer using a cell of 
0.1 mm path length equipped with CaF2 windows. All photolysis experiments 
were conducted using a UV broadband lamp (wavelength range: 300-800 nm. 
typical power measured at 10 cm distance: 0.80-0.90 W/cm2) at 10 cm 
distance away from the reaction mixture in borosilicate glass apparatus. 
Powder X-ray diffraction (XRD) measurement of solids was carried out using 
Siemens Powder XRD D5005 diffractometer. 
 
4.2.2 Mass spectrometric determination of H2 and CO2 
H2 gas was detected using a modified residual gas analyzer (Pfeiffer 
Vacuum PrismaPlus QMG 200 with a high-sensitivity ion source) where the 
signals at m/e 1 to 50 were monitored over time. Prior to each analysis, a 
sample of pure H2 gas of known pressure (5-60 Torr) and air were injected for 
calibration and baseline correction respectively. 
For each analysis, 3.0 cm3 of the gas was injected directly using a 
syringe into a pre-degassed (<1x10-6 Torr) 20 cm3 stainless steel chamber 
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connected to the residual gas analyser. Thereafter, repeated 1 cm3 portions of 
gas samples were then introduced by means of two Swagelok ball valves to 
ensure that repeated sampling of the gas would not have significant 
depreciation of the initial pressure of gas. Subsequently, the amount of H2 
present in the photolytic mixture was calculated while taking into account 
volume correction factors. 
Similarly, the amount of CO2 produced was determined by monitoring 
the signal at m/e 44. Pure CO2 from a cylinder was used to prepare standards 
of known pressure (20-60 Torr) and air were injected for calibration and 
baseline correction respectively. 
 
4.2.3 Photolysis of Mn2(CO)10 in cyclohexane/water mixture 
A mixture of Mn2(CO)10 (0.0045 g, 1.1x10
-5 mol) in cyclohexane (1.0 
cm3) and H2O (0.10 cm
3) was photolysed in an degassed glass apparatus (25 
cm3 volume) for 2 hours before the reaction mixture was sampled for IR and 
1H NMR. The main metal complex intermediate was identified as MnH(CO)5 
((CO) in cyclohexane: 2015s and 2007w; 1H-NMR (C6D6)  -7.9ppm). Upon 
complete photolysis, headspace mass-spectrometric studies indicated H2 
production to be 1.80 ± 0.16 moles of hydrogen per mole of Mn2(CO)10 and IR 
spectroscopic studies of the headspace indicated CO2 production to be 0.08 ± 




4.2.4 Photolysis of Mn2(CO)10 under a variety of conditions 
Typically, a 5-hour photolysis (unless otherwise stated) was carried out 
for Mn2(CO)10 (0.0045 g, 1.1x10
-5 mol) under various conditions. If anhydrous 
conditions were required, dried cyclohexane (1.0 cm3) which has been distilled 
three times from molecular sieves was used as the solvent.  
For the detection of MnH(CO)4(PPh3), mild heating (40-50
oC) for 2 
hours was carried out in the presence of triphenylphosphine PPh3 (10
-4 mol) 
after MnH(CO)5 has been detected in an initial mixture containing Mn2(CO)10 
(0.0045g, 1.1x10-5 mol) in cyclohexane (1.0 cm3) and H2O (0.10 cm
3). The 
main metal complex was identified as MnH(CO)4(PPh3). ((CO) in 
cyclohexane: 2062w, 1984m, 1969vs and 1958s; 1H-NMR (C6D6)  -6.88ppm 
doublet, 2J(P-H): 33Hz.) 
For the bromide ion test, the photolysis was carried out for a mixture of 
Mn2(CO)10 (0.0045 g, 1.1x10
-5 mol) in cyclohexane (1.0 cm3) and a 1 M 
aqueous tetra-n-butylammmonium bromide solution (0.10 cm3). For the test 
on the influence of acid, the photolysis was carried out for a mixture of 
Mn2(CO)10 (0.0045 g, 1.1x10
-5 mol) in cyclohexane (1.0 cm3) and aqueous 
tetrafluoroboric acid HBF4 (1.0 cm
3) whose pH can be monitored and adjusted 
from 1 to 6 by varying the acid concentration. 
For examining the influence of different polar solvents, the photolysis 
of Mn2(CO)10 (0.0045g, 1.1x10
-5 mol) in a solution of THF (1.0cm3) and H2O 
(0.1 cm3) was conducted in an degassed glass apparatus (25 cm3 volume) 
using a UV broadband lamp before the reaction mixture was sampled for 
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headspace mass-spectrometric studies. The same procedures were repeated 
using acetonitrile. The H2 yield for THF and acetonitrile were at 1.90 ± 0.20 
and 1.87 ± 0.20 moles per mole of Mn2(CO)10 respectively. 
For CO pressurization studies, a mixture of Mn2(CO)10 (0.0045 g, 
1.1x10-5 mol) in cyclohexane (1.0 cm3)  and H2O (0.10 cm
3) was photolysed in 
an glass apparatus (25 cm3 volume, degassed and filled with CO pressure of 
0.1 bar - 1.5 bar) for 5 hours before the reaction mixture was sampled for IR 
and 1H NMR spectroscopic studies.  
 
4.2.5 Deuteration studies 
A 3-hour photolysis was carried out for a mixture of Mn2(CO)10 
(0.0045 g, 1.1x10-5 mol) in dried cyclohexane (1.0 cm
3) and D2O (0.10 cm
3). 
The reaction mixture was sampled for IR and the product was identified as 
MnD(CO)5. ((CO) in cyclohexane: 2015s and 2006w) Upon complete 
photolysis, D2 was detected at 1.40  0.10 moles per mole of Mn2(CO)10. 
Similarly, the photolysis was repeated in a mixture of 1 cm3 of d12-
cyclohexane and 1 cm3 of H2O and the product was identified as MnH(CO)5. 
 
4.2.6 Time Profile Monitoring 
The photolysis of Mn2(CO)10 (0.0045 g, 1.1x10
-5 mol) in cyclohexane 
(1.0 cm3) and H2O (0.10 cm
3) was conducted in an degassed glass apparatus 
(25 cm3 volume) using a UV broadband lamp for a series of different time 
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intervals before the reaction mixture was sampled for IR, 1H NMR and 
headspace mass-spectroscopic measurements. The relative amount of 
Mn2(CO)10 was determined by its absorbance at 2045cm
-1. The relative 
amount of MnH(CO)5 was determined by following the difference between the 
observed absorbance at 2007cm-1 and the corresponding absorbance 
contributed by Mn2(CO)10. The H2 signal at m/e = 2 was sampled by the 
residual gas analyzer at different time intervals. 
 
4.2.7 Photolysis of MnH(CO)5 in cyclohexane/water 
MnH(CO)5 was generated from the photolysis of Mn2(CO)10 (0.0045g, 
1.1x10-5 mol) in cyclohexane (1.0 cm3) and water (0.10 cm3) and then distilled 
into an degassed glass apparatus (25 cm3 volume) containing cyclohexane (1.0 
cm3) and water (0.10 cm3). A 2-hour photolysis was carried out for the 
distillate and the reaction mixture was then sampled for IR spectroscopic and 
headspace mass-spectrometric studies. 
 
4.2.8 Photolysis of MnH(CO)5 in dried cyclohexane 
MnH(CO)5 was generated from a 2-hour photolysis of Mn2(CO)10 
(0.0045 g, 1.1x10-5 mol) and was distilled into an degassed glass apparatus (25 
cm3 volume) containing cyclohexane (1.0 cm3) and molecular sieves (1 g). A 
6-hour photolysis was carried out for the distillate and the reaction mixture 
was then sampled for IR spectroscopic and headspace mass-spectrometric 
studies.   
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4.2.9 H-D exchange studies of MnD(CO)5 
MnD(CO)5 was distilled from a 2-hour photolysis of Mn2(CO)10 
(0.0045 g, 1.1x10-5 mol) in cyclohexane/D2O into an degassed glass apparatus 
(25 cm3 volume) containing cyclohexane (1.0 cm3) and H2O (0.10 cm
3). The 
resulting mixture was left to stand in the dark for up to 3 hours before an IR 
spectrum was obtained. Subsequently, MnD(CO)5 was distilled into a mixture 
of cyclohexane (1.0 cm3) and D2O (0.10 cm
3). MnD(CO)5 was photolysed 
with cyclohexane/H2O before the head-space was sampled for headspace 
mass-spectrometric studies. 
 
4.2.10 Attempted thermal activation of H2O using Mn2(CO)10 or 
MnH(CO)5 
Mn2(CO)10 (0.0045 g, 1.1x10
-5 mol) was heated at 100˚C in a mixture 
of dodecane (1.0 cm3) and H2O (0.10 cm
3) mixture for 3 days before the 
dodecane layer was sampled for IR spectroscopic and mass-spectrometric 
studies. Similarly, MnH(CO)5, synthesized from a 2-hour photolysis of 
Mn2(CO)10 (0.0045 g, 1.1x10
-5 mol), was heated in a dodecane/water mixture 
at 100˚C for 3 days. The reaction mixture was then sampled for IR 






4.2.11 Chemical analysis of solid residue 
A 5-hour photolysis was carried out for a mixture of Mn2(CO)10 
(0.0045 g, 1.1x10-5 mol) in cyclohexane (1.0 cm3) and H2O (0.10 cm
3) and a 
white precipitate was observed. Once Mn2(CO)10 has reacted completely, the 
solvent and any residual MnH(CO)5 were removed under vacuum, before the 
residue was washed further with cyclohexane under reduced air conditions. 
The solid was dissolved by adding 10 mL of 0.1 M aqueous HCl solution 
before back-titration of the HCl content by 0.1M NaOH was performed using 
methyl orange indicator. Powder X-ray diffraction (XRD) measurement of the 
solid was carried out using Siemens Powder XRD D5005 diffractometer.   
 
4.2.12 Photolysis of Mn2(CO)10 in acetic acid 
A mixture of Mn2(CO)10 (0.0045 g, 1.1x10
-5 mol) in acetic acid (1.0 
cm3) was photolysed in an degassed glass apparatus (25 cm3 volume) for 5 





4.3 Results and Discussion 
4.3.1 IR and NMR Studies 
Broadband irradiation (300-800 nm) of Mn2(CO)10 in a 
cyclohexane/water biphasic system resulted in the disappearance of its νCO 
bands (2045, 2013, 2002 and 1983cm-1) and the concomitant appearance of 
two new peaks at 2015 cm-1 and 2007 cm-1 (Figure 4.1a). The corresponding 
1H-NMR spectrum of the sample recorded in C6D6 solvent showed a signal at 
-7.9ppm. These spectroscopic assignments could be matched closely to 
previously reported data for MnH(CO)5 [13]. At the same time, the gas phase 
IR spectrum (Figure. 4.1b) of the headspace above the solution showed the 
production of CO, CO2 and MnH(CO)5 vapour [14]. The presence of 
MnH(CO)5 was further confirmed upon formation of MnH(CO)4PPh3 [15-17]
  
in the presence of triphenylphosphine (PPh3) under mild heating. 
A series of control experiments were carried out to understand how 
MnH(CO)5 is generated. Photolysis of Mn2(CO)10 in anhydrous cyclohexane 
or its thermal heating (up to 100oC) in wet cyclohexane resulted in much 
slower decomposition of Mn2(CO)10 and negligible signals of MnH(CO)5. In a 
series of deuteration experiments, Mn2(CO)10 photolysis in d12-
cyclohexane/H2O yielded MnH(CO)5 while the corresponding photolysis in 
cyclohexane/D2O mixture afforded carbonyl signals (Figure 5.2) which could 
be matched to the literature values for MnD(CO)5 [13] (CO = 2015 cm-1 and 
















Figure 4.1 FTIR spectra recorded after a 2-hour broadband irradiation of Mn2(CO)10 in biphasic cyclohexane/water. (a) The 
production of MnH(CO)5 (2015 and 2007 cm
-1) taken in the cyclohexane layer. (b) The production of CO (o = 2143 cm-1) , CO2 
(o = 2340 cm-1) and MnH(CO)5 (CO = 2033, 2028 and 2020 cm-1) in the headspace above the reaction mixture.  
Wavenumbers (cm-1) 
















Figure 4.2 FTIR spectrum of MnH(CO)5 (2014.7 cm
-1 and 2006.6 cm-1) and 
MnD(CO)5 (2014.7 cm
-1 and 2005.2 cm-1) recorded at 0.5 cm-1 resolution after 
a 2-hour broadband irradiation of Mn2(CO)10 in a biphasic cyclohexane/H2O 
and cyclohexane/D2O respectively.  
 
The involvement of a cationic Mn(CO)5
+
  or Mn(CO)6
+ intermediate 
was ruled out as the photolysis of Mn2(CO)10 with tetra-n-butylammonium 
bromide did not give MnBr(CO)5. In the presence of tetrafluoroboric acid 
HBF4 in the aqueous layer, both rates of Mn2(CO)10 decomposition and 
MnH(CO)5 formation were not affected significantly as the pH is decreased 
from 6 to 2, suggesting that H+ ions do not have a significant role in the 
formation of MnH(CO)5. From these data, it is evident that only light and 
water but no additives are required for MnH(CO)5 formation. 
Upon prolonged photolysis (> 6 hours) of the reaction mixture, a white 








 1990    1995    2000    2005    2010    2015    2020    2025    2030   
Wavenumbers (cm-1) 
Mn2(CO)10 + D2O 
Mn2(CO)10 + H2O 
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it neutralises about two equivalents of H+ (from HCl aqueous solution) per Mn 
used. An XRD (X-ray powder diffraction) analysis of the solid (Figure. 4.3) 
confirms its identity to be manganese carbonate, MnCO3 (JCPDS Card No.: 
83-1763) [18-20]. 
 
Figure 4.3 XRD analysis of the white precipitate MnCO3.  
 
4.2.2 Generation of H2 and identification of H source 
Along with the MnH(CO)5 formation, H2 evolution has been observed 
throughout the photolysis until all the Mn2(CO)10 and MnH(CO)5 have 
decomposed. The headspace mass spectrum (Figure 4.4) indicated the 
production of H2 at 1.80 ± 0.16 moles per mole of Mn2(CO)10 used. D2 was 
also detected at 1.40 ± 0.10 moles per mole of Mn2(CO)10 for D2O. The 
quantification of H2 production is carried out relative to the amount of 
Mn2(CO)10 used since the latter could be weighed accurately, rather than based 
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on the IR absorbance of MnH(CO)5 which may have a larger error due to the 
uncertainty in its extinction coefficient. 
 
Figure 4.4 Mass spectra taken of the headspace content upon a 5-hour 
photolysis of Mn2(CO)10 in a hexane/H2O mixture, representing the signal at 
m/e = 2. The signals obtained for a 50 Torr H2 standard and the headspace 
content of a similar mixture prior to photolysis are included for comparison. 
 
The time profiles of the respective IR signals of MnH(CO)5 and 
Mn2(CO)10 (Figure 4.5) has been shown together with that of the H2 evolution 
(Figure 4.6). The total yield of H2 increased with the photolytic duration of 5 
hours while Mn2(CO)10 decomposed within the first 3 hours. A comparison of 
the time profiles showed that the rate of H2 evolution (given by the gradient of 
Figure 4.6) correlated more closely to the concentration of MnH(CO)5 rather 




Figure 4.5 Time profile showing the absorbance of ∆ Mn2(CO)10 (at 2045cm-1) 
and □ MnH(CO)5 (at 2007cm-1) 
 
 
Figure 4.6 Time profile showing the percentage yield of H2 per Mn2(CO)10 
used at different time intervals throughout the photolysis period. The inset 
represents the typical mass spectrum for the m/e = 1 to 10 obtained for the 
headspace of the photolytic mixture. 














In fact the total H2 yield obtained over 5 hours (when all the 
MnH(CO)5 and Mn2(CO)10  have decomposed) doubled that of the 3-hour 
yield (when all Mn2(CO)10 have decomposed) and suggested that the average 
rate is independent of Mn2(CO)10 but proportional to MnH(CO)5 instead. 
  To investigate further, MnH(CO)5 has been prepared in a pure form 
and photolysed further in the presence of water. Indeed, significant H2 signal 
were detected in the mass spectrum. In contrast, the absence of photolysis or 
water (removed using molecule sieves 4A) did not produce H2. Thermal 
decomposition of MnH(CO)5 also failed to yield H2, highlighting the need for 
light in this step of the process. Interestingly, photolysis of MnD(CO)5 in 
cyclohexane/H2O produced not only the expected HD but also significant H2 
and D2 in a ratio of HD : H2 : D2 = 3 : 7 : 1. The result could be explained by a 
fast H-D exchange process between the acidic MnD(CO)5 (pKa ~ 7) [21] and 
H2O upon mixing. Expectedly, the appearance of IR signals due to MnH(CO)5 
when a mixture of MnD(CO)5 and H2O was left standing in the dark for 1-3 
hours gave strong evidence of the exchange.  
The generation of H2 upon Mn2(CO)10 photolysis has been carried out 
in polar solvents such as THF and acetonitrile and resulted in similar yields. 
H2 can also be generated from acetic acid with similar efficiency upon 
Mn2(CO)10 photolysis. The reaction pathways mirror those in the water system 
as the production of MnH(CO)5 was observed. This study demonstrates the 
further utility of Mn2(CO)10 in activating O-H bonds in carboxylic acids. 
The Mn2(CO)10/H2O photolytic system has also been tested for its use 
in the water-gas shift process since a small quantity of CO2 has been detected. 
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However, increasing the CO pressure from 0.1 bar to 1.5 bar not only slowed 
the reaction but did not cause any increase in H2 even after long periods of 
irradiation. 
 
4.2.3 Proposed Mechanism and Computational Studies 
Numerous previous studies have been conducted on the initial 
photofragmentation of Mn2(CO)10 (Scheme 4.2) in various solvents [22-32]. 
Limiting the discussion to the photolysis of Mn2(CO)10 photolysis in non-polar 
solvents, it has been found that Mn-Mn fission [23-25] is much more 
dominant than Mn-CO cleavage [26-30] at wavelengths longer than 300nm.  
 
Scheme 4.2 Photodissociation pathways of Mn2(CO)10. 
 
Therefore, the proposed mechanism will be based on the initial 
production of Mn(CO)5 radicals from Mn-Mn fission. The experimental data 
suggests that the production of H2 can be divided into two major 
photoprocesses; firstly the generation of the key intermediate MnH(CO)5 from 
Mn(CO)5 radical and secondly, the reaction of MnH(CO)5 with H2O. In the 




has also suggested that Mn(CO)5 radicals produced upon Mn-Mn dissociation 
undergo oxidative addition of HCl to give MnH(CO)5 and MnCl(CO)5 as the 
main products. Compared to HCl, the production of MnH(CO)5 using water 
has been measured to be only three times slower. Thus it is reasonable to 
adopt this mechanism, at least to account for MnH(CO)5 formation, by 
substituting HCl for H2O (Scheme 4.3).  
 
Scheme 4.3 Proposed mechanism showing (a) Mn-Mn bond homolytic fission, 
leading to (b) an eventual production of MnH(CO)5 and Mn(OH)(CO)5 
(adopted from [14]), before H2 production from either reactions between 
MnH(CO)5 and H2O, or (d) between  Mn(OH)(CO)5 and H2O. 
 
Along with MnH(CO)5, a reactive manganese hydroxyl species, 
Mn(OH)(CO)5, is expected to have been generated. The second step of the 
photolysis is of vital importance as it has been shown that MnH(CO)5 
 116 
 
concentration correlates strongly to the H2 production rate. Similar to the 
facile formation of MnH(CO)4PR3 complexes [15-17], MnH(CO)5 undergoes 
thermal CO dissociation followed by H2O substitution to give 
MnH(CO)4(H2O). A simple abstraction of the proton from the adjacent H2O 
ligand by MnH(CO)5 may liberate H2 through some as yet unknown pathway 
leaving a manganese hydroxyl intermediate behind.  
However, this does not fully account for the H2 produced per 
Mn2(CO)10. Hence, the Mn(OH)(CO)5 generated alongside MnH(CO)5 in the 
first step is proposed to have undergone a similar reaction with H2O to give 
CO2 and H2. This species is expected to be reactive since the OH ligand has 
been known to react with the electrophilic CO ligand to give 
metallocarboxylic acids. Darensbourg et al. had previously determined 
through H2
18O enrichment studies that [Mn(CO)6]
+ can undergo such a 
reaction to give HMn(CO)5 and CO2. It was also established, through the 
observation of HMn(C18O)n(C
16O)5-n production, that the nucleophilic attack 
of the CO by either OH or H2
18O ligands is much faster than the CO2 
elimination [33]. Similar complexes also tend to decompose to give CO2 and 
the corresponding metal hydride [34, 35]. Indeed, small amounts of CO2 and 
MnCO3 were detected in this study, with the latter a resultant of carbonic acid 
formed in the presence of water. The resultant 16-electron metal hydride 
MnH(CO)4 coordinates to H2O and generates H2 upon photolysis again. Thus 
by invoking this pathway, it is possible to explain the generation of almost two 
equivalents of H2 from Mn2(CO)10 photolysis in water. 
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To understand the energetics involved, computational studies were 
performed to evaluate the various intermediates and pathways proposed in the 
mechanism. The optimized structures and energetics of the the intermediates 
have been calculated using density functional method b3lyp/6-31g* level of 
theory and basis set in Gaussian 03 [36]. Two key pathways of interest for the 
computational studies of the mechanism are studied: 1) the Mn-Mn bond 
cleavage leading to the eventual formation of MnH(CO)5 and Mn(OH)(CO)5 
and 2) the production of H2 from MnH(CO)5. 
Figure 4.7 shows the computed relative enthalpies of the species 
involved in the first part of the mechanism from the Mn-Mn bond cleavage to 
the formation of MnH(CO)5 and Mn(OH)(CO)5. The initial formation of 
Mn(CO)5 and the subsequent Mn(CO)4(H2O) radicals are highly endothermic 
(103.6 and 90.3 kJ/mol), in accordance to previously reported Mn-Mn and 
Mn-CO bond enthalpies, and necessitate the involvement of continual UV 
photolysis. Thereafter, an intramolecular oxidative addition (26.7 kJ/mol) of 
H2O occurs before a Mn(CO)5 radical abstracts an H atom from the 6-
coordinate Mn(CO)4(H)(OH). This first part of the mechanism accounts for 




Figure 4.7 Relative Enthalpies (in kJ per mole of Mn2(CO)10) of the intermediates proposed in Scheme 4.3 (a) and (b). 
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For the second part of the mechanism (Figure 4.8), a CO ligand first 
dissociates with an enthalpy change of 176.0 kJ/mol and UV irradiation is 
very likely to be required for this step. H2O coordinates onto the vacant site 
exothermically (94.9 kJ/mol) to form a Mn(CO)4(H)(H2O). Another CO ligand 
then dissociates in preparation for the oxidative addition of H2O. This step is 
again endothermic (171.4 kJ/mol) before a slightly exothermic oxidative 
addition occurs, leading to Mn(CO)3(H)(H)(OH). This structure, with the two 
hydrogens positioned cis to each other, is able to undergo an exothermic 
reductive elimination of the H2, leaving a tetrahedral structure of Mn(CO)3OH. 
The energetics involved in this part of the mechanism are consistent with the 
need for UV photolysis as well. 
While the formation of orange tetranuclear [Mn(CO)3(μ3-OH)]4 via the 
room-temperature reaction of Mn2(CO)10 and Me3NO.2H2O in THF has been 
reported previously [37], the proposed formation of Mn(CO)3OH has not been 
observed in literature before and since it is a 14-electron species and 
coordinatively unsaturated, it is unstable and likely to either assemble into 
[Mn(CO)3(μ3-OH)]4 or act as a Lewis acid, coordinating either CO, water or 
CO2. Thereafter, the MnCO3 could have originated from the coordination of 
CO2 on the Mn(CO)3OH fragment to form a Mn(CO)3(CO2)OH. The 
Mn(CO)3(CO2)OH complex may then rearrange to form Mn(CO)3(HCO3). 
While there is no conceivable oxidative pathway to lead to the formation of 
MnCO3 during the photolysis, the post-photolytic exposure of 
Mn(CO)3(HCO3) to oxygen could possibly oxidize it to MnCO3, leading to its 




Figure 4.8 Relative Enthalpies (in kJ per mole of Mn2(CO)10) of the intermediates proposed in Scheme 4.3 (c). 
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Alternatively, the reaction might have proceeded via Mn2(CO)9 since 
the UV irradiation could have promoted the dissociation of CO instead of the 
homolytic cleavage of the Mn-Mn bond. Furthermore, the reported formation 
of [Mn(CO)3(μ3-OH)]4 via the room-temperature reaction of Mn2(CO)10 and 
Me3NO.2H2O in THF is very likely to proceed via decarbonylation by 
Me3NO, followed by coordination or oxidative addition of H2O onto the Mn 
center. Thus, modeling of this alternative pathway involving initial CO 
dissociation and H2O coordination was performed and the computed relative 
enthalpies for the intermediates are shown in Fig 4.9.  
Upon UV irradiation, the initial CO dissociation from Mn2(CO)10 to 
form Mn2(CO)9 involves an enthalpy change of 152.1 kJmol
-1. Next, the 
coordination of H2O onto Mn2(CO)9 results in a Mn2(CO)9(H2O) product 
exothermically (82.5 kJmol-1). Under further photolysis, another CO molecule 
dissociates from Mn2(CO)9(H2O) with an enthalpy change of 148.2 kJmol
-1 to 
give Mn2(CO)8(H2O). The dissociation of CO leaves an empty coordination 
site which can accommodate a H atom from the coordinated water molecule to 
give a [HMn(CO)4][HOMn(CO)4] complex at an enthalpy change of 33.6 
kJmol-1. The Mn-Mn bond finally breaks to give HMn(CO)4 and HOMn(CO)4 
fragments endothermically (66.5 kJmol-1). These two carbonyl intermediates 
can then react further to give H2 as proposed in Scheme 4.3  The direct 
oxidative addition of H2O on either Mn2(CO)10 or Mn2(CO)9 was very 
unlikely due to coordinative saturation of the Mn center and attempts to model 





Figure 4.8 Relative Enthalpies (in kJ per mole of Mn2(CO)10) of the intermediates proposed for the pathway involving an initial CO dissociation 




Mn2(CO)10 photolysis in an alkane/water biphasic system has afforded 
1.80±0.16 moles of hydrogen per mole of Mn2(CO)10. A manganese hydride 
MnH(CO)5 has been detected as an intermediate in the mixture. The H2 source 
has indeed been found to be water. The kinetic studies monitored using the IR 
signatures of Mn2(CO)10 and MnH(CO)5, indicate a correlation between the 
latter complex with the production of H2. Some of the oxygen atoms of water 
have been incorporated into a white solid assigned to MnCO3. A mechanism 
accounting for the formation of H2 via MnH(CO)5 has been proposed and DFT 
calculations have been performed to discuss the possible intermediates and 
pathways undertaken. With the results reported herein, this study hopes to be 
potentially relevant to the development of catalytic H2 generation for similar 
complexes in the future.  
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Infrared studies of halide binding with CpMn(CO)2X 





In recent years, recognition and sensing of anions especially halides 
have become an area of intense interest [1]. Several colorimetric methods 
centered on UV-visible absorption spectroscopy have been described in the 
literature for measuring low concentrations of fluoride and other halides ions 
[2, 3]. Their interaction with the O-H or N-H group of chromophores such as 
anthraquinones is usually the cause of colour change in the solution (Scheme 
5.1). However, the use of infrared absorption spectroscopy in detecting halide 
ions has yet to be extensively explored. 
Scheme 5.1 Proposed mode of anion binding observed for 1,2-
diaminoanthraquinone. Taken from [2]. 
 
In this work, the feasibility of using manganese carbonyls as halide 
sensors is investigated, especially for F- ion. Cyclopentadienylmanganese 
tricarbonyl derivatives CpMn(CO)2L [4] (L = pyridine and N-heterocyclic 
ligands) has been chosen as candidates for functionalisation as halide sensors.  
In contrast to some metal carbonyls such as Mn(CO)5Br, Mn2(CO)10 
and Fe3(CO)12 [5, 6], the CpMn(CO)3 and CpMn(CO)2L complexes reported 
here are stable towards direct nucleophilic F
- attack on the metal center or its 
CO ligands. Secondly, pyridine and N-heterocyclic ligands bearing an O-H or 
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N-H group for F- binding can coordinate easily onto the Mn center upon Mn-
CO photodissociation. A redshift in the CO frequencies and strengthening of 
the Mn-N bond can be induced upon halide binding. Computational studies 
have been carried out to provide more insight into the structure of such 
fluoride-bound complexes. The feasibility of CpMn(CO)2L complexes 
(Scheme 5.2) serving as halide sensors will also be briefly evaluated.   
 
Scheme 5.2 Various CpMn(CO)2L complexes prepared from UV photolysis of 





5.2 Experimental Details 
5.2.1 Materials and methods 
All chemicals were purchased from Sigma-Aldrich and used without 
further purification, unless otherwise noted. Solution IR spectra were obtained 
on a Nexus 870 FT-IR spectrometer using a CaF2 cell of 0.1 mm path length. 
ESI mass spectrometry measurements were conducted in the negative ion 
mode using a Finnigan LCQ quadrupole ion trap mass spectrometer. 
 
5.2.2 Syntheses of CpMn(CO)2L complexes 
5.0 mg CpMn(CO)3 (0.024 mmol) was dissolved in 2 cm
3 THF before 
it was subjected to 15 minutes of UV laser photolysis (Brilliant B, 355 nm, 
20mJ/pulse, 10 Hz) in an degassed glass apparatus (25 cm3 volume). The 
resultant CpMn(CO)2(THF) solution was then degassed and frozen before 
0.024 mmol ligand L was added. The mixture was degassed and left to mix at 
room temperature in the dark for 15 minutes to afford orange CpMn(CO)2L. 
The CpMn(CO)2L solution was then studied using IR spectroscopy and ESI-
MS spectrometry without further purification.  
CpMn(CO)2(4-OHpy):  IR (CO) 1920, 1846 cm-1 ; ESI Mass m/e 270 [M-H-];  
CpMn(CO)2(3-OHpy): IR (CO) 1922, 1851 cm-1 ; ESI Mass m/e 270 [M-H-];  
CpMn(CO)2(3,5-dimethylpyrazole): IR (CO) 1921, 1847 cm-1 ; ESI Mass m/e 
271 [M-H-];  




5.2.3 Addition of halides to CpMn(CO)2L complexes 
To a freshly prepared THF solution of CpMn(CO)2L, 24.5 uL of 1M 
tetra-n-butyl ammonium halide solution was added and the mixture was 
degassed. After leaving to mix for 5 minutes, the resultant solution was 
analysed using IR spectroscopy. For the CpMn(CO)2(3-OHpy) complex, ESI 
mass spectrometry was conducted for the chloride and bromide bound 
complexes.  
CpMn(CO)2(3-OHpy) + Cl
- : IR (CO) 1916, 1843 cm-1 ; ESI Mass m/e 306 
[M+35Cl-], 308 [M+37Cl-];  
CpMn(CO)2(3-OHpy) + Br
- : IR (CO) 1919 1841 cm-1 ; ESI Mass m/e 350 
[M+79Br-], 352 [M+81Br-]  
 
5.2.4 Incremental addition of fluoride to CpMn(CO)2(3-hydroxyl-
pyridine) complex 
To a freshly prepared THF solution of CpMn(CO)2L, 24.5 uL of  0.1 
M THF solution of tetra-n-butyl ammonium fluoride was added and the 
solution degassed under freeze-pump-thaw conditions. After mixing for 5 
minutes, the resultant solution was analysed using IR spectroscopy before 
another 24.5-uL aliquot of 0.1 M THF solution of tetra-n-butyl ammonium 
fluoride solution was added. This procedure was repeated until the IR 




5.2.5 Displacement studies of ligands by PPh3 
Two 0.5-cm3 portions of a freshly prepared THF solution of 
CpMn(CO)2(3-hydroxypyridine) were added to two separate round-bottomed 
flasks, containing 24.5-uL of 0.25 M THF solution of tetra-n-butyl ammonium 
fluoride and the other 24.5-uL of THF respectively. These two solutions were 
then degassed using freeze-pump-thaw conditions and stirred for 5 minutes. 
Thereafter, the IR spectra of the mixtures were recorded before 100 mg of 
PPh3 was added to the two mixtures and degassed again under freeze-pump-
thaw conditions. The solutions were immersed into a 50ºC water bath and their 
IR spectra were monitored over time. 
 
5.2.6 Displacement of halides 
A 2-cm3 solution of the bromide-bound CpMn(CO)2(3-
hydroxypyridine) complex is mixed with 24.5 uL THF solution of 1 M tetra-n-
butyl ammonium fluoride or chloride. The IR spectra of the resulting solution 
indicate the displacement of the bromide by the more strongly binding fluoride 





5.3. Results and Discussion 
5.3.1 Spectroscopic characterization of CpMn(CO)2L complexes 
The quantum yield for the initial Mn-CO bond dissociation step of 
CpMn(CO)3 is very high, leading to the facile preparation of many stable 
CpMn(CO)2L derivatives [7]. However thermal or photodissociation of the 
second Mn-CO bond is more difficult resulting in much lower yields of 
CpMn(CO)L2 complexes.  
Hydroxypyridines and N-heterocycles have been chosen as the ligands 
in this work. The ligand needs to have reactive sites for binding to the metal 
and for interaction with the halide ion. 3-hydroxypyridine (3-OHpy) is a 
suitable ligand since the lone pair of the N atom of the ring coordinates 
strongly to the Mn center leaving the O-H group available for halide binding. 
In pyrazole and imidazole, the N-H moiety is used for halide interactions 
instead. The complexes studied have been prepared by first photodissociating 
CpMn(CO)3 using UV laser photolysis in THF to afford CpMn(CO)2(THF) 
[8]. The hydroxypyridine or N-heterocyclic ligand is then added to displace 
THF and generate the required CpMn(CO)2L complexes.  
Two intense CO signals have been recorded for each of the 
CpMn(CO)2L complexes which is also the major photoproduct (Figure 5.1). It 
is the frequency shift of these CO bands, which will be measured upon the 
introduction of halide interactions. No signals of the doubly-substituted 




Figure 5.1 FTIR spectra of the CO bands of CpMn(CO)2(3-hydroxypyridine) (a) with 10 equivalents of F- and (b) without F- in THF. 












(a) With F- 
(b) Without F- 
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The N atom of the ring, rather than the OH or NH moiety, is believed to have 
been directly coordinated to the Mn center. This assignment is due to the similarity of 
the CO frequencies to the CpMn(CO)2(pyridine) complex and the fact that phenol 
(representing the OH group) and pyrrole (representing the NH group) do not appear to 
react with CpMn(CO)2(THF). 
 
5.3.2 Spectroscopic studies of halide interactions 
Table 5.1 shows the CO redshifts of the CpMn(CO)2L complexes in the 
presence of excess Br-, Cl- and F- ions respectively. No blue shift has been observed 
under any experimental conditions. Similar magnitudes of the redshift have been 
observed for complexes containing either the OH or NH groups. THF has been used 
as the common solvent for comparing the frequency shifts as certain ligands such as 
4-hydroxypyridine are poorly soluble in non-polar solvents. Each of the two CO 
bands of the complexes is affected to a slightly different degree, and hence an average 
redshift will be used henceforth. As expected, the F- ions cause the most redshift of 7 
to 12 cm-1 followed by Cl- and Br- ions for complexes bearing the OH or NH group. 
The redshifts due to F- represent up to 0.7% of the absolute wavenumber of CO, 
while those caused by the presence of Br- are much smaller. Since excess ions have 
been used, the redshifts here should represent the maximum values. All the 
CpMn(CO)2L complexes here have been found to be stable towards halide 
interactions for at least five days. In order to show that the anions affect the OH group 
directly, CpMn(CO)2(pyridine) has also been investigated for halide interactions. No 
shifts were observed even in the presence of excess halide ions.  
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Table 5.1 CO frequencies [a] of CpMn(CO)2L complexes upon addition of halide [b]. 
Ligand CO (cm-1) 
Without halide Br- Cl- F- 
Pyridine (py) 1923 1852 1922 1851 1922 1851 1922 1851 
3-Hydroxypyridine 
(3-OHpy) 
1922 1851 1919 1841 1916 1843 1915 1842 
4-Hydroxypyridine 
(4-OHpy) 
1920 1846 1915 1840 1913 1839 1911 1835 
3,5-dimethyl-
pyrazole 
1921 1847 1919 1843 1919 1842 1911 1835 
Imidazole 1918 1843 1917 1843 1914 1839 1902 1824 
[a] Obtained in THF. [b] 10 mole equivalent of tetra-n-butyl ammonium halide salt 
was added.  
 
Further evidence of halide binding onto manganese could be observed in ESI 
mass spectrometric measurements. Figure 5.2 shows the ESI negative-ion mass 
spectra of CpMn(CO)2(3-OHpy) before and after addition of Cl
-. After adding 
chloride, two peaks at m/e values of 306 and 308 with an abundance ratio of 3:1 were 
produced. These correspond to the chloride-bound adduct ion, indicating the binding 
of 35Cl- and 37Cl- to CpMn(CO)2(3-hydroxypyridine). On the other hand, the 
CpMn(CO)2(3-OHpy) product alone produced only a m/e value of 270 for the 
deprotonated ion (M-H+)- . Unfortunately, the ESI spectra of the fluoride-bound 






Figure 5.2 Negative-ion ESI mass spectra for CpMn(CO)2(3-hydroxypyridine) (a) 
















































































Because of its solubility in many different solvents, CpMn(CO)2(3-OHpy) has 
been chosen for further studies into the nature of halide interactions, especially those 
of the F- ion. Table 5.2 shows the effect of different solvents on the CO redshift of 
this complex. The redshift is most apparent in less polar solvents such as benzene and 
CHCl3. The dependence of the redshift magnitude on F
- concentration has been 
studied. A gradual shift is observed with increasing concentration as shown in Figure 
5.3. The maximum value is attained upon addition of approximately one equivalent of 
F- ion. Interestingly, when water is added to the THF solution of the fluoride-bound 
CpMn(CO)2(3-OHpy), the IR signatures of the original CpMn(CO)2(3-OHpy) 
complex is recovered. When F- or Cl- was added to a solution of the bromide-bound 
CpMn(CO)2(3-OHpy) complex, the fluoride-bound or chloride-bound complex was 
generated respectively. However, no displacement was observed when Br- was added 
to the fluoride-bound complex.  
Table 5.2 Effect of solvents on the CO frequency shifts of CpMn(CO)2(3-OHpy) 
upon 10 equivalents of F- interaction. 
Solvent νCO (cm-1) Average shift 
(cm-1) without F- with F- 
THF 1922, 1851 1915, 1842 8 
CH3CN 1919, 1842 1910, 1833 9 
Acetone 1921, 1847 1916, 1842 5 
Benzene 1923, 1850 1914, 1839 10 




Figure 5.3 The redshift of the two νCO peaks (□ 1851cm-1 and ○ 1922cm-1) of 
CpMn(CO)2(3-OHpy) upon incremental addition of 1M THF solution of F
-. 
 
5.3.3 PPh3 displacement reaction of halide-bound CpMn(CO)2(3-OHpy)  
The Mn-N bond strength of the CpMn(CO)2(3-OHpy) complex upon F
- 
binding has been examined by monitoring the relative rate of pyridine substitution by 
triphenylphosphine PPh3 to afford CpMn(CO)2PPh3 (νCO: 1885 and 1946 cm−1 in 
heptane) [9]. As shown in Figure 5.4, CpMn(CO)2(3-OHpy) converts readily into its 
PPh3 analogue (1933cm
-1 and 1865 cm-1) in the absence of F- binding.  Figure 5.5 
shows the difference between the relative substitution rates of CpMn(CO)2(3-OHpy) 
in the presence of PPh3 at 50
oC with and without F- binding. Without F-, complete 
substitution takes place within an hour and CpMn(CO)2(3-OHpy) goes through a first-
order exponential decay, with CpMn(CO)2PPh3 growing at the same rate. However, 
the presence of F- in the mixture decreases the substitution rate dramatically. Only 




































Figure 5.4 IR Spectra of the reaction mixture of CpMn(CO)2(3-OHpy) and PPh3 in chloroform in the absence of fluoride. (a) Before the addition 
of PPh3 (1933cm
-1 and 1865 cm-1) (b) 30 minutes after the addition of PPh3 (1920 cm
-1 and 1842 cm-1). 















(b) 30 minutes after addition of PPh3 






Figure 5.5 Time profile showing the change in the IR absorbances of (a) 
CpMn(CO)2(3-OHpy) (CO=1842 cm-1) and (b) CpMn(CO)2PPh3 (CO=1865 cm-1) 
with and without F- binding upon addition of excess PPh3 into a chloroform
 solution 
containing CpMn(CO)2(3-OHpy) at 50˚C. 
 
The redshifts in the CO frequency or wavenumber of the CpMn(CO)2L 
complexes lend support to the interaction of halide ions with the O-H or N-H group of 
L. Such a shift is absent when L = pyridine. The redshift is due to the transfer of 






































OH or NH group. The enhanced electron density on the Mn center increases the -
backbonding donation to the CO ligand and weakens the CO bond, thus lowering the 
CO values.  
The shift is most significant when F- is present in a non-polar solvent as 
exemplified in the case of CpMn(CO)2(3-OHpy) in chloroform. Not surprisingly the 
shift magnitude correlates to the strength of the halide binding with the OH group, in 
the order F- > Cl- > Br-. The redshift is also dependent on the ratio of the manganese 
complex to the halide concentration. When the F- concentration is low, each ion 
interacts with a few OH groups surrounding it, hence decreasing the strength of the 
interaction per OH group. This effect also leads to a smaller CO frequency shift of the 
manganese complex. As more F- ions are made available, each ion binds to fewer OH 
groups eventually attaining a 1 to 1 F- : OH binding ratio. The maximum frequency 
shift is achieved at this point and further addition of F- ions does not shift the 
frequencies further. 
The displacement of 3-OHpy from its CpMn(CO)2 complex by excess PPh3 
appears to be difficult in the presence of F- ions. In its absence however, complete 
ligand substitution took place in less than an hour yielding CpMn(CO)2PPh3 as the 
major product. From Figure 5.5, a decrease of substitution rate of at least 10 times is 
estimated when F- is bound to the manganese complex. It is thus possible that the 
effect of F- binding not only causes a redshift of the CO frequency of CpMn(CO)2(3-
OHpy) but also strengthens the Mn-N bond by the extra electron density pushed 




5.3.4 Computational modeling of halide interactions  
Computational studies have been carried out in order to understand further the 
nature of F- binding with CpMn(CO)2(3-OHpy), in particular the extent of the redshift 
and the apparent strengthening of the Mn-N bond. The energetics and structures of the 
complexes have been calculated using density functional method b3lyp/lanl2dz level 
of theory and basis set in Gaussian 03 [10]. Vibrational frequencies were calculated 
for the optimized structures. The b3lyp/lanl2dz combination is known for predicting 
fairly accurate geometries and vibrational frequencies of CpMn(CO)2L complexes 
and is hence used for this study. Although it is not as good for bond energies, the aim 
of the calculation here is meant to show the trends rather than producing accurate 
energies. The calculations was restricted to single F- binding to CpMn(CO)2(3-OHpy) 
complex only as its properties was most extensively investigated.   
Table 5.3 shows the enthalpies and CO wavenumbers of the CpMn(CO)2L 
structures together with the Mn-L bond energies. The parent complex CpMn(CO)3 is 
included in the calculation in order to show the reliability of this DFT method in 
predicting accurate geometries. The Mn-CO and CO bond lengths of CpMn(CO)3 
have been calculated to be 1.79 Å and 1.18 Å, which are in very good agreement with 
their respective experimental bond lengths of 1.78 Å and 1.15 Å determined using X-
ray crystallography [11]. The vibrational frequencies are also of the correct order of 
magnitude and the calculated Mn-CO bond energy of 233.4 kJ/mol compares 
favourably with the experimentally-determined values ranging from 230 to 251 




Table 5.3 Enthalpies of selected CpMn(CO)2L complexes and ligands with the CO 
frequencies (if any) and Mn-L bond enthalpies [a].  










1926, 1992 1934 2028 
(hexane) 
Mn-CO = 233.4 
CpMn(CO)2(3-
OHpy) 













Mn-N = 194.8 
[a] calculated using b3lyp/lanl2dz level of theory. 
 
As shown in Figure 5.6, the CO bond length of CpMn(CO)2(3-OHpy) at 1.191 
Å is longer than that of CpMn(CO)3  while the CO frequencies are of lower values. 
The Mn-N bond of 2.029 Å is also longer compare to Mn-CO (1.764 Å) in the same 
complex. The Mn-N bond energy of 146 kJ/mol agrees well with previous values 
calculated for CpMn(CO)2(pyridine) (144 kJ/mol) using the bvp86 functional [12]. In 
the case of F- binding, the Mn-N and CO bond lengths have increased slightly to 
2.038 Å and 1.194 Å respectively. The O-H bond length of the 3-OHpy ligand has 
also increased from 0.98 Å to 1.34 Å upon F- interaction. The O-H..F moiety adopts a 





Figure 5.6 Optimized structures of CpMn(CO)2(3-OHpy) and the fluoride-bound 
CpMn(CO)2(3-OHpy), using b3lyp/lanl2dz. The numbers indicate selected bond 











The calculated distances here are extreme compared to typical hydrogen bond 
lengths in aqueous solutions partly because solvent interactions have also not been 
accounted for [14]. The CO redshifts upon F- binding to CpMn(CO)2(3-OHpy) have 
been calculated to be 24 cm-1 and 17 cm-1 in good agreement with the experimental 
values in non-polar solvents. As the calculations have been carried out for molecules 
in the gas phase, it is not surprising that the best match can be made to the redshifts in 
solvents of low dielectric constants. The redshift can indeed be fully accounted for by 
a single F- interaction with the OH group of CpMn(CO)2(3-OHpy).  
As discussed earlier, the displacement of 3-OHpy in CpMn(CO)2(3-OHpy) by 
PPh3 appears to have been reduced by at least tenfold in the presence of F
- ions. Since 
the ligand substitution reaction of CpMn(CO)2L complexes has been shown to be 
dissociative, the rate of reaction should correlate with the Mn-L bond energies [12]. If 
the displacement involves an initial slow dissociative step in its mechanism as shown 
in Scheme 5.3, the ten-fold reduction in rate is roughly equivalent to a Mn-N bond 
energy increase of at least 6 kJ/mol. 
 
Scheme 5.3 Proposed mechanism of displacement of 3-OHpy from CpMn(CO)2(3-
OHpy) by PPh3. 
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 Interestingly the density functional calculations indeed shows such an 
enhancement of almost 50 kJ/mol upon F- interaction with the OH group. However, 
the Mn-N bond in CpMn(CO)2(3-OHpy) with and without F
- binding appears very 
similar, which indicate that the bond length is probably not a good measure of its 
strength. Although the calculated Mn-N bond strength enhancement explains the 
inertness of CpMn(CO)2(3-OHpy) towards PPh3 displacement, the actual bond energy 
increase would likely be smaller since solvent effects will most likely diminish, to 
some extent, the F- influence on the OH group.  
A brief evaluation of the feasibility of using CpMn(CO)2L complexes as F
- 
sensors is described here. The complexes in Table 5.1 (except CpMn(CO)2(py)) show 
a response to the presence of halide ions especially F-. If excess F- ions are present, a 
1:1 F- to OH binding is expected which leads to the maximum possible CO redshift. 
The bigger differences in the CO frequencies would facilitate the quantification of F- 
ions in solution. The concentrations of the CpMn(CO)2L prepared here are of the 
order of 10-2 to 10-3 M based on near-quantitative conversion of CpMn(CO)3 upon 
UV photolysis. This follows that similar concentrations of F- ions would be detectable 
using these complexes. The sensitivity of CpMn(CO)2L complexes towards halide 
ions compares well with colorimetric anion sensors such as alizarins and 
anthraquinones in the visible region. Typical concentrations used for halide sensing 
are also in the range of 10-3 to 10-4M [2]. However in the presence of other halides 
such as Cl- and Br-, the detection by CO redshift of CpMn(CO)2L complexes may 
become non-selective. For example, it is difficult to distinguish a mixture of halides in 
a solution that contains a high concentration of Br- ions and a low concentration of F- 
ions. Either situation on its own would give rise to a very similar redshift. 
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Nevertheless, the results presented herein, pertaining the detection of halide ions 
using infrared spectroscopy, may provide an alternative to UV-visible sensing 
methods especially if the latter is unsuitable for the purpose.  
 
5.4 Conclusion 
Studies on halide ion binding to the OH group of CpMn(CO)2(3-OHpy) 
complex using infrared absorption spectroscopy were performed by monitoring its 
CO bands. Fluoride ion interactions in chloroform appears to cause the largest 
redshift of up to 12 cm-1. The infrared bands of CpMn(CO)2L complexes containing 
N-H groups such as pyrazole and imidazole are also found to redshift by a similar 
amount. The displacement of the 3-OHpy ligand from the manganese complex by 
PPh3 becomes very difficult when F
- is bound to the manganese complex. This effect 
is due to a Mn-N bond strengthening induced by OH···F- binding. Density functional 
calculations in Gaussian 03 suite of programs have also supported the influence that 
OH···F- interaction has on the CO redshift magnitude and Mn-N bond energy of 
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A1. Full 1H-NMR spectrum of CpMn(CO)2(CH3OH) after 1 mole equivalent of 
DPPH was added, indicating the production of DPPH-H. The numbers beneath the 





















































































































































































































































































































































































































































A2. Root-mean-square, average error calculation for different scaling factors in the 
DFT study for νCO frequencies of CpMn(CO)2L complexes: 
The root-mean-square was calculated accordingly to literature Scott and Radom in J. Phys. 
Chem., 1996, 100, 16502-16513. In the paper, the optimum scaling factors λ were obtained 























where 𝜔theor and ?̃?expt are the theoretical and experiment frequencies for the CO stretching 
respectively. 
Using the data for the radical complexes, an optimal value of 0.9463 was obtained. Thereafter 
the minimized residual for each mode can be calculated as 
∆min= (𝜆𝜔
theor − ?̃?expt)2 
The molecular root mean square error (rmsmol) is then defined as 








 where the sum is over all of the modes of a particular molecule (nmol). The overall root-mean-











This gives us a overall root-mean-square error of 47.2 cm-1 for the scaling factor employed. 























A3. NBO Spin Densities calculated for CpMn(CO)2(CH3O)· and CpRe(CO)2(CH3O)·   
complexes in Chapter 2: 
The NBO spin densities are calculated as a difference between the alpha and beta spins 
calculated for the CpMn(CO)2(CH3O)· and CpRe(CO)2(CH3O)· complexes respectively. 
 
CpMn(CO)3 Atom number Alpha spin Beta spin Net spin 
Mn 1 4.188 3.36987 0.818 
O 2 3.388 3.127 0.261 
C 3 1.573 1.614 -0.041 
O 4 3.215 3.230 -0.015 
C 5 1.572 1.614 -0.043 
O 6 3.214 3.230 -0.016 
C 7 2.103 2.092 0.011 
C 8 2.100 2.101 -0.002 
C 9 2.098 2.092 0.007 
H 10 0.372 0.373 0.000 
C 11 2.113 2.117 -0.004 
H 12 0.374 0.374 0.000 
C 13 2.104 2.100 0.004 
H 14 0.372 0.372 0.000 
H 15 0.374 0.374 0.000 
H 16 0.374 0.374 0.000 
C 17 2.114 2.127 -0.013 
H 18 0.411 0.399 0.012 
H 19 0.401 0.399 0.001 
H 20 0.413 0.409 0.004 
























CpRe(CO)3 Atom number Alpha spin Beta spin Net spin 
Re 1 3.879 3.429 0.450 
O 2 3.408 3.107 0.301 
C 3 2.111 2.126 -0.016 
H 4 0.399 0.399 0.000 
H 5 0.408 0.397 0.011 
H 6 0.408 0.397 0.011 
C 7 1.656 1.636 0.020 
O 8 3.258 3.210 0.048 
C 9 1.656 1.636 0.020 
O 10 3.258 3.210 0.048 
C 11 2.156 2.079 0.077 
H 12 0.369 0.371 -0.002 
C 13 2.083 2.109 -0.026 
H 14 0.369 0.368 0.001 
C 15 2.098 2.114 -0.016 
H 16 0.370 0.369 0.001 
C 17 2.156 2.079 0.078 
H 18 0.369 0.371 -0.002 
C 19 2.098 2.114 -0.016 
H 20 0.370 0.369 0.001 























A4. Relative enthalpies (in kJ per mole of CpMn(CO)2(H2O)) of the intermediates proposed 
in Scheme 3.4 
 
A5. Relative enthalpies (in kJ per mole of CpMn(CO)2(H2O)) of the intermediates proposed 
in Scheme 3.5 
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For a dissociate mechanism, in which the Mn-X breaks prior to the coordination of 
the incoming PPh3, the activation energy involved has to approximate to that of the 
bond enthalpy of the Mn-X bond. According to the Arrhenius’ equation, the rate 
constant is related to the activation energy and temperature by this equation: 
𝑘 =  𝐴𝑒−
𝐸𝑎
𝑅𝑇 
For two dissociative reactions (assuming the same pre-exponential factor A), 
possessing an activation energy increase ∆𝐸𝑎, the relationship between respective rate 






Thus, at the temperature of 323K, raising the activation barrier by 6 kJmol-1 
introduces a lowering of the rate constant by a factor of approximately 10. 
